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 I 
Abstract 
Nanocellulose has gained lots of attentions in recent years due to the development of 
nanotechnology. Thousands of publications have been reported about the fabrication, 
characterization and application of nanocellulose, among which most of the 
nanocelluloses were fabricated from the microcrystalline cellulose (MCC) or pulp, 
and only two methods about the nanocellulose fabrication have been reported, i.e. 
sulphuric acid hydrolysis and mechanical treatment. The sulphuric acid method can 
only obtain low yield of nanocellulose and the mechanical treatment can not fabricate 
nanocellulose with high crystallinity index (CI) and well separation. These problems 
limit the scale up of nanocellulose to industrial area. Moreover, none of works has 
reported the application of nanocellulose for the modification of natural fibres and 
only a few works reported the reinforcement of epoxy with nanocellulose. 
 
In this this research, we fabricated nanocellulose directly from hemp fibres by 
employing oxidation/sonication method with the aim to solve the main problems of 
nanocellulose fabrication with sulphuric acid hydrolysis or mechanical. By using this 
method the yield of nanocellulose could up to 54.11 % and the crystallinity of 
nanocellulose was 86.59 %. 
 
In order to expand the application of nanocellulose, we investigated the modification 
of natural fibres (hemp) with nanocellulose and the fabrication of nanocomposite. 
Two-step modification, i.e. dodecyltrimethylammonium bromide (DTAB) 
pretreatment and nanocellulose modification, was used to modify hemp fibres. In this 
process, we systematically investigated the deformation of hemp fibres, revealed the 
mechanism of deformation on the mechanical property of single fibre by using 
Fourier transform infrared spectroscopy (FTIR) and investigated the effect of 
deformation on the hemp fibre modification with nanocellulose by using energy 
dispersive X-ray (EDX). The two-step modification increased the mechanical 
properties of hemp fibres significantly. Compared with raw hemp fibres, the modulus, 
tensile stress and tensile strain of the two-step nanocellulose modified hemp fibres 
increase by 36.13 %, 72.80 % and 67.89 %, respectively. Moreover, two-step 
modification facilitated the improvement of interfacial property of fibres. This novel 
natural fibre modification provides new clue to exploit nanocellulose as a green 
chemical agent for natural fibres modification. 
 
We modified nanocellulose by using curing agent of epoxy---diethylenetriamine 
(DETA). This modification could increase the dispersity of nanocellulose in epoxy 
and reinforce epoxy. Compared with epoxy, the modulus, tensile stress and tensile 
strain of the modified nanocellulose/epoxy nanocomposite increased 1.42 %, 15.44 % 
and 27.47 %, respectively. 
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Chapter 1 Introduction 
 
1.1 Non-wood lignocellulosic fibres  
 
The utilization of natural fibres was superseded in last century by a wide-range of 
synthetic polymers which was developed based on raw materials from the new low 
cost petroleum. However, since the 1990s, increasing attention has been re-paid on the 
utilization of natural fibres, especially the lignocellulosic fibres. The most abundant 
lignocellulosic fibres are wood fibres; however, due to the depletion of timber 
resources, non-wood lignocellulosic fibres (e.g. hemp fibres) are becoming important 
in use. The growing importance of the non-wood lignocellulosic fibres can be evident 
from the increasing number of publication in the last 40 years (see Fig.1.1). It should 
be noted that we searched these publications from the ISI Web knowledge database by 
entering the words fibres as topic and the name of fibre (including, bamboo, flax, 
hemp, jute, kenaf, ramie, banana, pineapple, sisal, coir and oil palm) as title only with 
journal type. We found that, 2547 publications from journal publications about the 
application of non-wood lignocellulosic fibres have been produced in the last 40 years 
(i.e., from 1970 to 2010); among which from 1990s, the number of publications 
increased rapidly, especially from 2005 to 2010.  
 
 
Among these publications, most of them focus on the application of non-wood 
lignocellulosic fibres in fibre-based composites; up to 67.14 % (see Fig. 1.2) of these 
publications demonstrate the fabrication of fibre-based composites. The applications 
of non-wood lignocellulosic fibres in traditional industries, e.g. textile industry and 
pulp and papermaking industry, still play an important role; in our statistics, as shown 
in Fig. 1.2, 15.86 % of the reports refer to the applications in textile industry and 
8.21 % of the reports refer to the applications in paper industry. Moreover, the 
extraction of nano-scale cellulose from non-wood lignocellulosic fibres shows a 
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Fig. 1.1 Number of references by publication year. 
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strong growing tendency in the last ten years (see Fig. 1.3), but only 3.77 % (see Fig. 
1.2) of the publications refer to this topic. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1.1.1 Mechanical and surface properties of non-wood lignocellulosic fibres  
 
1.1.1.1 Mechanical property 
 
Non-wood lignocellulosic fibres are in general suitable for reinforcing inorganic 
polymers, synthetic polymers and natural polymers due to their relative high strength, 
stiffness and low density [1] (see Table 1.1). The characteristic values for flax could 
reach to levels close to those for E-glass fibres [2]. However, the range between 
minimum and maximum characteristic values, as one of the drawbacks for all natural 
products, is remarkably wider than that of synthetic fibres (Table 1.1), which can be 
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Fig. 1.2 Application of lignocellulosic fibres. 
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explained by the differences in fibre structure due to the overall environmental 
conditions during growth. It is apparent from Table 1.1 that comparing with wood 
fibres, non-wood fibres show similar mechanical properties. The fibre properties and 
fibre structure are influenced by several conditions and varies by area of growth, 
climate and the age of the plant [3, 4]. Further, the technical digestion of the fibre is 
another important factor which determines the structure as well as the characteristic 
values of the fibres. 
 
Table 1. 1 Mechanical properties of non-wood lignocellulosic fibres as compared to conventional reinforcing fibres 
Types of 
fibres 
Fibres 
Density 
(g/cm3) 
Elongation 
(%) 
Tensile 
strength (MPa) 
Young 
modulus 
(GPa) 
References 
Stem 
fibres 
Bamboo 0.6-0.91 1.4 193-600 20.6-46.0 [5-7] 
Flax 1.5 1.2-3.2 345-2000 15-80 [8-10] 
Hemp 1.48 1.6 550-900 26-80 [3, 11, 12] 
Jute 1.3 1.16-1.5 393-800 13-55 [9, 13] 
Kenaf 1.45 1.6 157-930 22.1-60 [14-18] 
Ramie 1.5 1.2-3.8 400-938 61.4-128 [19] 
Leaf 
fibres 
Banana 0.72-0.88 2.0-3.34 161.8-789.3 7.6-9.4 [20] 
Pineapple 1.07 2.2 126.6 4.4 [21] 
Sisal 1.5 3.0-7.0 468-700 9.4-22 [19] 
Fruit 
fibres 
Coir 1.2 17-47 175 4.0-6.0 [2, 22] 
Oil palm 0.7-1.55 4-18 50-400 0.57-9.0 [23, 24] 
Wood 
fibres 
Softwood 
Kraft (spruce) 
1.5 - 1000 18-40 [25] 
Hardwood 
Kraft (birch) 
1.2 - - 37.9 [26] 
Synthetic 
fibres 
E-glass 2.5 2.5 2000-3500 70 [2] 
S-glass 2.5 2.8 4570 86 [2] 
Aramide 1.4 3.3-3.7 3000-3150 63.0-67.0 [2] 
 
For example, Fig. 1.4 illustrates tensile strength of natural fibres, showing the 
influence of the deformation of the fibres [27]. By employing the finite element (FE) 
method, Nilsson et al [27] investigated the effect of deformation on the tensile 
performance of natural fibres and found that the elastic stiffness of fibre was greatly 
affected by deformations and that the S-shaped stress vs. strain curve can be explained 
by non-linear geometric effects and yielding of the hemicellulose in the deformation 
areas. Their FE analysis agrees well with previous work by Baley [28]. Fig. 1.5 [28] 
shows the initiative of cracks in the flax fibre which in general appears around the 
deformation of fibres during a tensile loading. Tensile strength of the fibres is also 
influenced by the fineness of the fibre [29]. A decrease in fibre fineness gives rise to 
higher fibre strength. The tensile strength of natural fibres also depends on the test 
length of the specimens which is of vital importance in terms of its reinforcing 
efficiency. 
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1.1.1.2 Surface property 
 
Fig. 1.6 shows morphologies of bamboo ((a) [30], (b) [31], (c) [30]), banana ((d) [32], 
(e) [20], (f) [32]) and coir ((g) [33], (h) [34], (i) [35]) fibres from cross section to 
fractographs. The fracture of fibre ((c), (f), (i)) shows splintering (Fig. 1.6(c) and 
1.6(i)) and cross fracture (Fig. 1.6(f)) modes. The splintering fracture indicates that 
fibres have low cellulose content, high microfibril angle and low aspect ratio, while 
fibres such as banana having high cellulose content, smaller microfibril angle and 
high aspect ratio exhibit a cross fracture mode indicated by no pull-out microfibrils. 
The surface morphologies of fibres are shown in Fig. 1.6(b), 1.6(e) and 1.6(h) which 
also indicates considerable hemicelluloses, lignin, waxes, oils and surface impurities 
on the fibre surface. The surface property is influenced by fibre morphology, 
extractive chemicals and processing conditions, which in fact is the key property of 
natural fibres (surface properties of parts of non-wood lignocellulosic fibres are 
 
Fig. 1.4 Effect of dislocation on the tensile strength of natural fibres. 
 
Fig. 1.5 Start of cracks in a flax fibre in the area of deformation. 
 5 
summarized in Table 1.2), as it can affect the interfacial adhesion of resins on the 
surface of fibres and the mechanical properties of natural fibre-based composite. Due 
to the high polar feature on the surface, the fibres are also less compatible with 
non-polar resins. Therefore, the combination of the inherent polar and hydrophilic 
features of natural fibres and the non-polar characteristics of resins give rise to 
difficulties in compounding these materials, resulting in poor stress transfer 
efficiencies. The use of different kinds of physical (i.e. corona discharge) and 
chemical surface treatment methods (i.e. coupling agents such as silanes) leads to 
changes in the surface structure of the fibres as well as to changes of surface 
properties (extensive illustration will be described in 2.1.3 Modification of hemp 
fibres). 
Table 1. 2 Surface properties of natural fibres 
Fibres 
Surface area 
(m2/g) 
γd dispersive 
surface energy 
(mJ/m2) 
(ζ0-ζ∞)/ζ0 
(mV) 
ζplateau (mV) References 
Flax 0.31~0.79 23.85 0.88~0.95 -1.1~ -0.21 [36-39] 
Hemp 0.75 31.6 0.91 -0.1 [37, 39, 40] 
Sisal 1.63 32.9-33.3 48.35 0.76~0.88 -1.7~ -0.4 [37-39, 41] 
Coir 0.48 45.05 0.22 -4.6~ -3.8 [38, 41, 42] 
 
Fig. 1.6 Morphologies of natural fibres: cross section (a), surface (b) and fractural surface (c) of bamboo fibres 
(1); cross section (d), surface (e) and fractural surface (f) of banana fibres (2); (g) cross section, surface (h) and  
fractural surface (i) of coir fibres (3).  
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1.1.2 Physical structure of non-wood lignocellulosic fibres 
 
The cell wall of natural fibres is formed out of crystalline microfibrils based on 
cellulose, which are connected to a complete layer by lignin and hemicellulose. Till 
date, many authors [43-48] tried to illustrate the correlation between physical 
structure and mechanical properties for natural fibres (parts of physical structure for 
natural fibres are summarized in Table 1.3). In 1980, McLaughlin et al [35] firstly 
carried out a detailed statistical analysis of physical structure-property relations. They 
found that a positive correlation between mechanical properties (tensile strength and 
Young’s modulus) and the physical structure (cellulose content and microfibril angle 
(MFA)), see Fig. 1.7(a) and 1.7(b) [49]).  
 
Table 1. 3 Structural parameters of natural fibres 
Fibres Microfibril angle (°)  Crystallinity index (%)  References 
Bamboo 2-10 66.3 [6, 50] 
Flax 5-10 42.9 [18, 50, 51] 
Hemp 2.2-6 55-66.3 [18, 52-54] 
Jute 
8-8.1 50-58.9 
[6, 18, 55, 
56] 
Kenaf - 54.6 [57] 
Ramie 7.5 69.4 [18, 50] 
Banana 11 45-68 [6, 58, 59] 
Pineapple 8-14 44-60 [59, 60] 
Sisal 10-22 57 [18, 61] 
Coir 39-49 27-33 [6, 59] 
Oil palm - 40 [53] 
The correlation between tensile strength and physical structure (i.e. cellulose content, 
MFA, fibres length and fibre diameter) were developed by Mukherjee et al [62] as 
shown in Eq. 1.1:  
 
(a) 
Fig. 1.7 Effect of cellulose structure on fibre mechanical properties: (a) tensile strength; (b) stiffness. 
 
(b) 
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Ca
D
L
CoscKXY  )(   (Eq. 1.1) 
where Y is the tensile strength, K and C are constants for equation; Xc is the cellulose 
content; θ is MFA; L is the length of fibres and D is the diameter of fibre. Three 
different equations were developed to calculate fibre stiffness with respect to the fibre 
axis: 
(1) Without deformation (MFA <45°) 
E|=[X1CE||,C+(1-X1C)ENC]cos
2
X2=E*cos
2
X2 (Eq. 1.2) 
where E||,C is the Young’s modulus of fibre in the parallel direction, ENC is the 
Young’s modulus of non-crystalline parts, X1C is the content of the crystalline part in 
the fibre and X2 is microfibril angle. 
(2) Deformation (MFA>45°) 
E|=KNC*(1-2cot
2
X2)
2
/(1-X1C)=K(1-2cot
2
X2)
2
 (Eq. 1.3) 
where KNC is the bulk modulus of non-crystalline parts, X1C is the content of the 
crystalline part in the fibre and X2 is microfibril angle.  
(3) General formulation 
2
2
2
2
2
2
2
2
2
2
|
)cot21(cos
])cot1([cos
XKXE
XKXE
E


  (Eq. 1.4) 
where X2 is microfibril angle and K is the constant for equation.  
 
1.1.3 Chemical compositions of non-wood lignocellulosic fibres 
 
The composition of non-wood lignocellulosic fibres are cellulose, hemicellulose, 
lignin, pectin, waxes and water soluble substances (chemical compositions values are 
shown in Table 1.4), with cellulose, hemicellulose and lignin as the basic 
compositions with regard to the physical properties of the fibres. 
 
Table 1. 4 Chemical composition of natural fibres [2, 63, 64] 
Fibres 
Cellulose  
(%) 
Hemicellulose 
(%) 
Lignin    
(%) 
Pectin    
(%) 
Water soluble 
substances (%) 
Wax 
 (%) 
Bamboo 24-43 30 21-31 - - - 
Flax 62.8-69.0 17.1-18.6 2.2-2.8 2.0-4.2 4.3-11.6 1.5-1.7 
Hemp 57.66-74.4 16.7-17.9 3.7-6.55 0.9-7.04 2.3-8.99 0.8-3.06 
Jute 71.5-71.6 13.3-13.4 13.1 0.2 1.2 0.6 
Kenaf 65.7 8.1 15.7 0.4 9.3 0.8 
Ramie 76.2 14.6 0.7 2.1 6.1 0.3 
Banana 63-64 19 5 - - - 
Pineapple 81 - 12.7 - - - 
Sisal 73.1 13.3 11 0.9 1.4 0.3 
Coir 32-43 0.15-0.25 40-50 - - - 
Oil palm 65 - 29 - - - 
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1.1.3.1 Cellulose 
 
In 1838, the French chemist Anselme Payen extracted same substance from various 
plants, to which he gave the name of cellulose [65]. Cellulose is the most abundant 
polymer with the molecular formula (C6H10O5)n (Fig. 1.8) in the world. This polymer 
consists of a linear chain of several hundred to over ten thousand β(1→4) linked 
D-glucose units [66]. It is the structural component of the primary cell wall of green 
plants (Fig. 1.9), many forms of algae and the oomycetes. For industrial use, cellulose 
is mainly obtained from wood pulp and cotton. Although the chemical structure of 
cellulose is understood in detail, its supermolecular state, including its crystalline and 
fibrillar structure, is still open to debate [67]. It is mainly used to produce paperboard 
and paper; to a smaller extent it is converted into a wide variety of derivative products 
such as cellophane and rayon. Converting cellulose from energy crops into biofuels 
such as cellulosic ethanol is under investigation as an alternative fuel source. Recently 
fabricating the nano-scale fibril from cellulose is new tendency which attracts 
significant investment from government all over the world. 
 
The basic structural element of cellulose fibres is the so-called elementary fibril [68]. 
Several elementary fibrils associate to form larger aggregations of so-called 
microfibrils and macrofibrils. Due to the versatile properties (e.g. specific surface area 
[69] and high elastic modulus [70-72]), cellulose microfibrils have gained increasing 
attention around the world. Much more details about the microfibril will be discussed 
in 2.2 Nanocellulose. 
1.1.3.2 Hemicellulose 
 
Hemicellulose is the second most common polysaccharides in nature, representing 
about 20-35% of lignocellulosic biomass [73]. It is a low molecular weight 
polysaccharide with a degree of polymerization ranging from 70 to 200. 
Hemicellulose acts as a compatibilizer between cellulose and lignin, which can form 
lignin-carbohydrate complex (LCC) by ester and ether bonding. Isolated 
hemicellulose is found to be amorphous and either water soluble. Hemicelluloses are 
 
Fig. 1.9 Location and arrangement of cellulose 
microfibrils in the plant cell wall. 
 
 
Fig. 1.8 Hawthorne projection formula of cellulose. 
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heterogeneous polymers of pentoses (xylose, arabinose), hexoses (mannose, glucose, 
galactose), and sugar acids. Unlike cellulose, hemicelluloses are not chemically 
homogeneous. In contrast to the strictly linear structure of cellulose, hemicellulose is 
mainly branched molecules. In hardwood, hemicellulose is predominantly partially 
acetylated acidic xylan, with a small percentage of mannan. In softwood, 
hemicelluloses are predominantly partially acetylated galactogluco-mannans, with a 
low amount of xylan similar to the hardwood xylan. Hemicelluloses are flexible 
polysaccharides that characteristically bind to the surface of cellulose. They may form 
tethers that bind cellulose microfibrils together into a cohesive network (Fig. 1.10). In 
addition, they act as a slippery coating to prevent direct microfibril–microfibril 
contact. 
 
1.1.3.3 Lignin 
 
In 1838, Anselme Payen [65] treated wood with nitric acid and alkaline solutions and 
yielded an insoluble fraction, designated cellulose and a soluble fraction, which he 
called incrustant. This soluble materials was named lignin in 1857 by Schulze [74]. 
Lignin is the second most abundant plant substance in vascular plants. Although 
precise structure of lignin is not known because it is difficult to extract lignin from 
plants, it is now generally accepted that lignins are the complex three-dimensional 
network aromatic polymers composed by the phenol-propane basic units with C-C 
bonds or C-O-C bonds. In the cell wall of plant, lignins are deposited mainly in the 
thickened secondary wall but can also occur in the primary wall and middle lamella, 
they serve as a matrix for the embedded cellulose fibres (Fig. 1.10) [75] and 
strengthen stems and vascular tissue, allowing upward growth and permitting water 
and minerals to be conducted through the xylem under negative pressure without 
collapse of the tissue. Its physical toughness deters feeding by animals, and its 
chemical durability makes it relatively indigestible to herbivores. Finally, lignin is 
also permanent glue, bonding cells together in the woody stems and thus giving the 
stems their well known rigidity and impact resistance. 
 
 
Fig. 1.10 Illustration of a plant cell wall.  
Fig. 1.11 Schematic diagram of a representative 
section of the molecular structure of lignin. 
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Lignin is cell-wall polymers made of phenylpropane units (Fig. 1.11) [76], three basic 
units in lignins are p-hydroxyphenyl (H), guaiacyl (G) and syringyl (S) [77, 78]. They 
can be divided into three major classes: guaiacyl, guaiacyl-syringyl lignin and 
guaiacyl-syringly-p-hydroxyphenyl lignin. The types of lignin vary from plant to 
plant. Gymnosperm mainly contains guaiacyl lignin; dicotyledonous angiosperm 
mainly contains guaiacyl-syringyl lignin and monocotyledon mainly contains 
guaiacyl- syringly-p-hydroxyphenyl lignin. 
 
1.2 Aims and objectives of research 
 
The aims of this research were (i) to fabricate nano-scale cellulose directly from 
non-wood lignocellulosic fibres (hemp fibres) with oxidation/sonication method; by 
using the developed nanocellulose for (ii) the modification of hemp fibres and (iii) the 
reinforcement of epoxy. It is expected this project will (i) better understanding of 
various parameters that contribute to the high yield production of nanocellulose 
without further damage on the crystalline region of cellulose and (ii) revealing the 
mechanisms of strengthening natural fibres with nanocellulose reinforcement on the 
interface characteristics of the reinforced fibrous materials. 
 
The specific objectives of the projects are: 
 to develop a novel process for fabricating nanocellulose; 
 to produce nanocellulose materials; 
 to characterize the developed materials; 
 to examine the deformation of hemp fibres in order to establish their correlation 
with the strength of hemp fibres; 
 to modify single fibre by means of nanocellulose in order to improve the 
mechanical properties of fibre; 
 to understand and enhance the interfacial adhesion between fibre and matrix by 
nanocellulose modification; 
 to develop the improved composite by means of adding nanocellulose. 
 
1.3 Schematic of research 
 
The plan of the research is described in Fig. 1.12. In summary, this research includes: 
(1) nanocellulose fabrication and the application of nanocellulose, namely, (2) the 
modification of hemp fibres with nanocellulose and (3) fabrication of nanocellulose/ 
epoxy nanocomposite. 
 
In the first part about the nanocellulose fabrication, response surface methodology 
(RSM) will be used to design the experiment of nanocellulose fabrication. The 
fabrication of nanocellulose will be developed by oxidation/sonication method, and 
the processing will be optimized by using Design-expert software. Seven analytical 
instruments will be used to analyze nanocellulose and investigate (i) the size 
distribution and morphologies of nanocellulose; (ii) the chemical structure and 
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crystalline of nanocellulose and (iii) the thermal property of nanocellulose. 
 
The second part of the research focus on the modification of hemp fibres with 
nanocellulose. Deformation in hemp fibres is the first focus point in this part. 
Microscopy and spectroscopy technology will be used to reveal the effect of 
deformation on the mechanical properties of hemp fibres. This novel modification 
will be carried out by repairing the deformations of hemp fibres. By employing 
energy dispersive X-ray (EDX), field emission scanning electron microscopy 
(FEG-SEM) and X-ray diffraction (XRD) to reveal mechanism of repair on the 
deformation is the second focus point in this part. The third focus point is about the 
interfacial property of nanocellulose modified hemp fibres. X-ray photoelectron 
spectroscopy (XPS) and Fourier transform infrared spectroscopy (FTIR) will be used 
to reveal the interfacial adhesion of modified fibres with resin (unsaturated polyester).  
 
A novel method of nanocellulose modification is developed in the third part. With the 
treatment of diethylenetriamine (DETA), the modified nanocellulose will be used to 
reinforce epoxy. The effect of nanocellulose on the mechanical properties of 
nanocomposite and the cure kinetics of epoxy are investigated in this part. 
 
Fig. 1.12 Schematic of research. 
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Chapter 2 Literature Review 
 
2.1 Hemp fibres 
 
2.1.1 Morphology of hemp fibres 
 
The stem of hemp (see Fig. 2.1 [49]), which consists of various layers, is the main 
supporting structure of hemp and serves to transport and to store water and food. 
Diameter of hemp stem ranges from 0.6 to 4.5 cm, the value is determined by the 
various factors, such as sowing date, plant density, species and soil [79-81]. Hemp 
fibres are presented in bundles as long as the stems, which can easily be peeled off the 
xylem, surface by hand or machine. The outer layer of stem, the epidermis, is covered 
by a 2-5 μm surface layer [82]---cuticle, which protects the plant from drying, and it 
consists of waxy matter [83]. Epidermis layer (20-100 μm), consisting of colour- 
binding media and stomata (pores), through which the plant ventilates and regulates 
evaporation, is the thin outside protective layer of plant cells [84]. Cortex layer is a 
thin layer of walled cells that has no fibre, but does contain chlorophyll. 
 
Phloem layer contains short cells that have chlorophyll and long cells that are bast 
fibres. Phloem layer consists bundles of 100-300 polygonal-shaped primary and 
secondary fibres cells (see Fig. 2.2(a) and 2.2(b) [85]) with 4 to 6 sides (see Fig. 2.2(c) 
[86]). Both are thick-walled, with a high content of cellulose and a low content of 
hemicellulose and lignin [87]. About 92-95% [81, 88] hemp fibres are from the 
primary fibres cells. The thickness of cell wall in primary and secondary fibres cells 
are about 7-13 μm and 3-6 μm, respectively [88], while the average length of fibres in 
primary and secondary fibres cells are about 20 mm and 2 mm, respectively. The 
secondary fibres are more brittle than the primary fibres [89]. Cambium layer (10-50 
μm) is the growth area which produces hards on the inside and bast and bark on the 
outside. Although this is the differentiation layer, it is also an abscission layer where 
fibres and hards separate during the retting/breaking process. Hollow cylinder of 1-5 
 
Fig. 2.1 Model of transverse hemp stem section zooming to single fibre, secondary cell wall and finally the 
cell wall lamella.  
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mm thick xylem is the center of the plant and exists throughout the stem except at the 
joints. Xylem is a continuous system of tubes running from the roots to the leaves. It 
consists of empty and dead cells with thickened sidewalls [90]. Pith layer which is 
empty space in dry stems is composed of thick and woody tissue used to support the 
plant. The product from this area is called hards which comprises 60-75 % of the total 
mass. 
 
The microstructure of the fibre wall in the hemp fibres including middle lamellae (ML, 
30-50 nm), primary wall (70-100 nm) and the secondary cell wall which was 
composed of a 100-130 nm thin S1 layer (the first layer in the secondary cell wall) 
and a 3-13 μm thick S2 layer (the secondary layer in the secondary cell wall). 
Transmission electron microscopy (TEM) observations [49] (Fig. 2.3) showed that the 
 
Fig. 2.2 Structure of hemp fibre bundles in phloem layer: (a), primary fibre bundles; (b), Secondary fibre 
bundles and (c) cross section of hemp stem. 
 
Fig. 2.3 TEM micrograph of single hemp fibres partially decayed by fungus: (a), P.mutabilis decay; (b), 
P.radiata L 12-41decay and (c), P.radiata Cel 26 decay.   
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S2 layer had a laminate structure of 1 to 4 concentric layers of 1-5μm in thickness. 
These layers were constructed of 100 nm thick lamellae. Thin layers of 200-240 nm in 
thickness were located in between the concentric layers. These thin layers seem to 
lack cellulose [49]. The microfibril angle can strongly influence mechanical properties 
of fibres like tensile strength and modulus [91-94].  
As shown in Fig. 2.4 [49], the microfibril angle in S1 layer of hemp is in the range of 
79-90
o
 compared with 25-30
o
 in the outer part of S2 layer, and 0-5
o
 in the inner part of 
S2 layer. The distribution of lignin, pectin and waxes in the cell wall of hemp fibre 
varies between different cell walls and layers. The inner part of secondary wall 
contained less lignin, while outer part contained the same amount of lignin with 
middle lamellae. Both the parenchyma cells and the single fibre compound middle 
lamellae contained pectin, while the secondary wall lacked pectin. Wax could be 
found in the epidermis cells with highest content in the cuticle layer. According to the 
histochemical investigation, pectin degradation can provide separation of the fibre 
bundles from the xylem surface, while separation of the fibre bundles into single 
fibres requires both lignin and pectin degradation. Wax can inhibit binding between 
fibres and resin. 
 
The single hemp fibre cells are bonded together with pectins and small amounts of 
lignin framing the next level of microstructure, the technical fibres, with diameters of 
50–100 mm. These filaments are fixed together with a pectin-lignin matrix that forms 
the fibre bundles in the cortex of the plant stems. Thus, bast fibres are bundles of 
individual strands of fibres held together by a pectin-lignin interface [95]. 
 
2.1.2 Chemical composition of hemp fibres 
 
Fibres from different plant species can appear quite differently. However the chemical 
composition is fairly similar. Plant fibres consist mainly of cellulose, hemicellulose 
 
Fig.2.4 Model of the microfibril orientation throughout the secondary cell wall (the S3 layer was not found in 
hemp fibres). 
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and lignin in different proportions. These components comprise 80-90 % of the dry 
material (Table 1.4). Variation in the chemical composition can occur within the hemp 
species depending on variety, area of production, maturation [96], processing, 
research methods [97], environmental conditions and within the hemp plant between 
woody cores, bast fibres and leaves [49]. The main component of most plant fibres is 
cellulose, lignin and hemicellulose, which have been described in 1.1.3 Chemical 
compositions of non-wood lignocellulosic fibres.  
 
2.1.3 Modification of hemp fibres 
 
Compared with other natural fibres (wool and cotton), bast fibres need to be 
degummed and separated into fine fibres. Various such methods have been reported, 
e.g. chemical degumming [98-100], physical degumming [82, 101, 102] and 
biological degumming [103]. After degumming, due to the increase of the 
crystallinity index (CI), degree of orientation, the accessibility of hemp fibres 
decrease which may effects the posttreatment of hemp fibres for the end products. 
Therefore, modification of hemp fibres is getting more and more interesting. The 
modification of hemp fibres can be classed in four methods: chemical modification, 
physical modification, biological modification and nanotechnology modification. 
 
2.1.3.1 Physical modification 
 
Physical modification has always been done by using some instruments to change the 
structural and surface properties of the fibres with the aims of increase the strength of 
fibres. The hydrophobicity of the fibres thereby influences the mechanical bonding 
with the matrix. The traditional methods involve thermotreatment [104, 105], 
calendaring [106, 107], and stretching [108]. Thermotreatment is the useful way to 
modify the natural fibres in the traditional method. When fibres are subjected to heat 
treatment much above the glass transition temperature of lignin, it is postulated that 
lignin will be softened and migrate to the fibre surface. According to the report by 
Cunha et al [105],
 
kraft lignin is having a glass transition temperature at 142 °C. 
Lignin begins to degrade at around 214 °C, hence heating the fibres to 200 °C would 
be expected to cause some softening [109]. During heating of flax fibres above 
150 °C for approximately 2 h, the hemicellulose and lignin are depolymerised into 
lower molecular aldehyde and phenolic functionalities [110], which are combined by 
further curing reaction forming into water resistant resins. These resins keep the 
microfibrils together. Prasad et al [92] thermally treated hemp fibres in an enclosed 
vessel in air as well as inert environment, and found that there were openings of fibres 
upon heating, both along the length as well as along the diameter or the width 
directions. Inert environment treated fibres had a lesser moisture uptake rate 
compared to untreated fibres. For the same weight of the fibre, the total count of 
fibres increased during heat treatment, with increment up to 32 % for inert 
environment and 39 % for air environment. 
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Surface modification by discharge treatment [111, 112], such as low-temperature 
plasma, sputtering, and corona discharge, is of great interest in relation to the 
improvement in functional properties of natural fibres. Since the 1960s scientists in 
some industrialized countries, such as France, Japan and the United States have 
carried out the surface treatment of different fibres with various plasma techniques. 
To date scientists in most countries have studied this topic to develop their own 
industrial projects. Plasma technology has been widely used as an effective method 
for surface modifications of natural fibres such as flax
 
[113, 114],
 
sisal
 
[115], keratin 
[116]. Plasma treatment (see Fig. 2.5, Fig. 2.5(a) from [117], Fig. 2.5(b) from [118], 
Fig.2.5(c) from [119]) causes mainly chemical implantation, etching, polymerization, 
free radical formation and crystallization, whereas the sputter etching brings about 
mainly physical changes, such as surface roughness, and this leads to increase in 
adhesion [113]. Jovančić et al [119, 120] reported that the wettability and dyeability 
of hemp fibres are significantly enhanced after plasma treatment. Longer treatment 
time, leading to rougher surface, results in better surface wettability and dyeability. 
Titova et al [121] separated the lignin of bast fibres (hemp, flax and jute) by 
plasma–solution treatment. They found that the plasma-solution treatment, which 
together with improved traditional technologies, is an effective delignification method 
of bast fibres. The results showed that the delignification degree can be increased 
under this treatment, in this case, the delignification degree for hemp, flax and jute is 
64 %, 68 % and 39 %, respectively. These results indicated that the main admixtures 
in bast fibres, in particular, lignin, underwent destructive process under 
plasmochemical treatment. However, it has been found that the plasma treatment can 
reduce the strength of fibres. Baltazar-y-Jimenez et al [122] found that the strength of 
fibres (hemp, flax and sisal) decreases significantly with the increase in the time of 
plasma treatment. Ragoubia et al [118] used corona discharge to modify hemp fibres 
and found that the corona discharge modification of hemp cellulosic reinforcements 
rather than polypropylene allowed the greater improvement of the composites 
properties with an enhancement of 30 % of Young modulus, 32 % of tensile strength. 
2.1.3.2 Chemical modification 
 
Fig. 2.5 Schematic of plasma treatment: (a), plasma lamp; (b), plasma system and (c), hemp fibre after plasma 
treatment. 
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Chemical modification utilizes chemical agents to modify the surface of fibres or the 
whole fibres throughout. The modification can be classed in five methods: 
mercerization, oxidation, crosslink, grafting and coupling agent treatment (Fig. 2.6). 
 
2.1.3.2.1 Mercerization 
 
Mercerization is an old method of cellulose fibre modification which is an alkaline 
treatment method for cellulose fibres. The process was devised in 1844 by John 
Mercer of Great Harwood, Lancashire, England, who treated cotton fibres with 
sodium hydroxide [123]. This treatment caused the fibres to swell; about 25 % of 
hydrogen bonds are broken during the swelling process, in the posttreatment (drying) 
[124]. These bonds will re-bond and the following effects of the re-bond have been 
reported in the literature: (i) decreasing the spiral angle of the microfibrils and 
increasing the molecular direction [2]; (ii) producing fibre fibrillation, i.e., axial 
splitting of the elementary fibres (or microfibres) that constitute the elementary fibre 
[125-127]. This process leads to a decrease in fibre diameter, increasing the aspect 
ratio and the effective surface area available for wetting by a matrix in a composite. 
There is also an increase in fibre density as a consequence of the collapse of its 
 
Fig. 2.6 Main chemical treatments and modify mechanism of natural fibres. 
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cellular structure; (iii) changing the fine structure of the native cellulose I to cellulose 
II [128-131]. These changes may result in improvement in fibre strength and hence 
stronger composite materials [56, 126, 132]. 
 
It was reported that after immersion in alkali for 48 h, the globular pultrusion present 
in the untreated fibre disappeared, leading to the formation of a larger number of 
voids. Systematic investigations [124] have already revealed three important 
phenomena of cellulose swelling in aqueous alkali, i.e. (i) the passing of the swelling 
value through a maximum in dependence on lye concentration; (ii) a qualitatively 
similar but quantitatively different behavior of all the alkali hydroxides in aqueous 
solution from LiOH to CsOH on interaction with cellulose in an aqueous medium; 
and (iii) a phase transition within the regions of crystalline order above a lye 
concentration of 12-15 % due to a so-called intracrystalline swelling caused by 
inclusion of NaOH and H2O into the crystallites. 
 
In textile industry, the mercerization process have always been conducted under the 
condition: temperature 15-18 °C, concentration of sodium hydroxide 31-35 %, 
treating time 55 s [133]. Mwaikambo et al [134] investigated the effect of 
mercerization on the mechanical properties of hemp fibres and found that the tensile 
strength of hemp fibres reached maximum (1050 MPa) when the concentration of 
sodium hydroxide was 6 %, and the Young modulus of hemp fibres reached maximum 
(65 GPa) when the concentration of sodium hydroxide was 4 %. Compared with the 
hemp fibre composite without pretreatment, this modification can increase tensile 
strength, modulus and strain of composite 47.75 %, 22.54 % and 66.67 %, 
respectively. Investigation from Gulati et al [135] showed that hemp fibres treated 
with mercerization can get the biggest surface energy and the lowest free energy of 
absorption and enthalpy of absorption. 
 
2.1.3.2.2 Oxidation 
 
Oxidation modification can be done under mild condition. In this case carboxyl 
groups, aldehyde group and kenote group can be introduced in the cellulose chains by 
the selective oxidation of primary or secondary hydroxyl group in the cellulose chains. 
In 1938, Yackel et al [136] firstly employed NO2 as oxidant to oxidate cellulose 
selectively. After that, various primary [137-144] and secondary [145-149] oxidative 
systems have been reported. Recently, due to the excellent selective oxidation, 
TEMPO-NaBr-NaClO and TEMPO-NaClO-NaClO2 oxidative systems [144, 150-160] 
have received more attention around the world. Potthast et al [161] investigated the 
new functional groups on the surface of hemp fibres which were introduced by the 
TEMPO oxidation system. Results showed that the content of hydroxyl groups was 
influenced by the concentration of oxidant and the treat time. Matsui et al [162, 163] 
investigated the influence of ozone oxidation pretreatment on the graft 
copolymerization of mechyl methacrylate on the surface of hemp fibres. They found 
that, as the increase of oxidation time, hydroperoxide (HPO) increased from 0 
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mol/cell. molecule to 160 mol/ cell. molecule, and CI of fibres decreased from 69.7 % 
to 68.3 %, but the degree of grafting increased significantly from 14 % to 129 %. 
 
2.1.3.2.3 Crosslink 
 
Multi-functional compounds which have more than two functional groups always be 
used as crosslink agent to crosslink the interchains of cellulose by react with the 
hydroxyl groups. Crosslink modification of cellulosic fibres always been done by 
etherification [164] and esterification [165]. The crosslinking of cellulose has been 
found its important commercial application in textile finishing of cellulose-based 
fabrics with end-use properties, e.g. wrinkle resistance, permanent press and easy care 
properties. Lee et al [166] utilized diphenylmethane-4, 4-diisocyanate (MDI) to 
crosslink hemp fibres for making castor oil/polycaprolactone-based polyure- 
thane/hemp composite, and found that urethane bonding can form between the 
hydroxyl groups of the fibre surface and the isocyanate groups of MDI. 
 
2.1.3.2.4 Grafting 
 
Chemical modification through graft copolymerization is an effective method of 
modifying the properties of natural fibres. The technique involves the grafting of 
various monomers onto the surface of cellulosic fibres
 
[167, 168].The reaction is 
usually initiated by free radicals of cellulose molecules. The cellulose is exposed to 
high-energy ionizing radiation. After treatment with selected ions, transition metal 
ions, oxidative reagents, as initiating agents, initiate free radicals on cellulose [169].
 
The radical sites initiate grafting of alkyl acrylates (such as methyl, ethyl, butyl, and 
propyl), vinyl monomer (such as methyl methacrylate and acrylonitrile) to cellulosic 
surface. Pracella et al [170] modified hemp fibres by means of melt grafting reactions 
with glycidyl methacrylate (GMA) in order to improve the fibres-matrix interactions. 
Due to the improvement of fibre-matrix interfacial adhesion which caused by the 
grafting modification, the tensile strength, modulus and stiffness of modified hemp 
fibres based composite increased significantly compared with the composites without 
any treatment. 
 
2.1.3.2.5 Coupling 
 
Coupling agents can be defined as the substances that are used in small quantities to 
treat a surface so that bonding occurs between it and other surfaces between filter and 
matrix. Coupling agents can be subdivided into two broad categories: bonding agents 
and surfactants (also known as surface active agents). At present, over forty coupling 
agents have been used in the production and research of natural fibre composites 
[171]. The most popular treatments include the use of silanes and isocyanates. 
However, the reinforcement effect of this coupling agent seems weaker than that by 
the mercerization [172]. 
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2.1.3.3 Biological modification 
 
Biological treatments involve the use of naturally occurring microorganisms, namely 
bacteria and fungi. These treatments occur in aqueous environments and are relatively 
cheap to perform, but tend to be time consuming and water polluting. One commonly 
used biological fibre treatment is retting treatment. Retting is the controlled 
degradation of plant stems to free the bast fibres from their fibre bundles, as well as to 
separate them from the woody core and epidermis. During the retting process, bacteria 
(predominantly Clostridia species) and fungi, release enzymes to degrade pectic and 
hemicellulosic compounds in the middle lamella between the individual fibre cells 
[92]. Generally, the retting process produces high quality fibre, but is very much 
dependent on weather conditions [173] and the skill and judgement of the farmer. 
Compared with the conventional sodium hydroxide treatment, the enzymatic 
treatment can remove much more noncellulosic materials without destroying the 
cellulose crystalline structure by enzymatic treatment [174, 175]. 
 
2.1.3.4 Nanotechnology (NT) modification 
 
NT is by the National Nanotechnology Initiative of USA defined as the understanding, 
manipulation, and control of matter at the dimensions around 1 to 100 nm. Currently, 
most major governments around the world are investing heavily in NT (Fig. 2.7 [176]) 
and many see it as the fuel for the next Industrial Revolution. With the large amount 
of fundamental research under the government funding today, NT has applications 
across nearly all economic sectors and allows the development of new critical 
enabling science with broad commercial potential, such as nano-structured materials, 
nanoscale-based manufacturing processes, and nano-electronics. It was demonstrated 
in recent years that NT can be used to modify natural fibres to introduce new function 
onto the surface of fibres and enhance the performance of final fibres-based products. 
 
Fig. 2.7 Corporate nanotechnology funding by country in 2004 ($US billions). 
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This modification has been used in textiles [177, 178], paper industry [179] 
successfully. It is believed that the application of NT to modify natural fibres offers 
high economic potential for the development of natural fibre-based industry. 
 
Various approaches were developed to immobilize nanoparticles on the surface of 
natural fibres, among which, layer-by-layer (LbL) deposition [180-183] and sol-gel 
process [184-187] are the main approaches which have commonly been employed by 
the researchers. Different kinds of nanoparticles (e.g. AgNPs [180, 188-191], TiO2 
[191, 192], SiO2 [193-195], ZnO [196, 197]) were developed to impart 
multifunctional properties (e.g. anti-bacteria, UV resistant, antiwrinkle finishing, 
water repellent) to natural fibres. 
 
A novel way of combining biological technology with NT was firstly reported by 
Juntaro et al [198] in 2007. This green technique firstly employed bacteria 
Gluconacetobacter xylinus strain BPR 2001 to treat natural fibres (hemp and sisal), 
then fabricated bacterial cellulose on the surface of natural fibres. These modified 
natural fibres were then incorporated into the renewable polymers cellulose acetate 
butyrate (CAB) and poly- L-lactic acid (PLLA). They found that the modified sisal 
PLLA composites, the parallel strength increased by 44 % the off-axis composite 
strength by 68 %.  
 
2.1.4 Application of hemp fibres 
 
As a result of a growing awareness of the interconnectivity of global environmental 
factors, the principles of sustainability, industrial ecology, ecoefficiency, and green 
chemistry and engineering are being integrated into the development of the next 
generation of materials, products, and processes [199]. In 2003, the UK government 
established highly ambitious long-term goals relating to climate change, with the 
objective of moving towards a ‘low carbon economy’ and a target to cut CO2 
emissions by 60 % by mid 21
st
 Century in the White Paper. The White Paper states 
that this should be achieved without detriment to UK competitiveness or security. 
After that, to effectively reduce CO2 emissions while keep economic growth, different 
countries have begun to search for new development paths among which low-carbon 
development has become a widely advocated one [200]. To date, approximately 30 
countries in Europe, Asia, and North and South America currently permit farmers to 
grow hemp [201]. In 2009, the product of hemp fibres around the world reached up to 
69735 tonnes [202]. Some estimate that the global market for hemp consists of more 
than 25,000 products in nine submarkets: agriculture; textiles; recycling; automotive; 
furniture; food/nutrition/beverages; paper; construction materials; and personal care 
[203]. The application of hemp fibres can be classed in three different ways (the 
flowchart for hemp fibre applications is shown in Fig. 2.8): (i) direct utilization (e.g. 
textile, paper, animal bedding, and fabric); (ii) degradation (e.g. bio-fuel) and (iii) 
composite. Hemp based composites are the main application and thereby get much 
more attention by the researchers.  
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2.1.4.1 Hemp fibres/inorganic compound composite 
 
The mixture of hemp and lime also been called hempcrete [204]. Hemp chips were 
first introduced in buildings in France in the early 1990s. At that time, restoration of 
historic half- timbered buildings required a substitute for wattle and daub, and it was 
found that the hemp mixed with a lime-based binder provided a natural solution. It 
was also dimensionally stable and long-lasting.  
Over the past few years hemp lime products have been used to construct a number of 
non-housing projects. This innovative insulation material has already been analyzed 
in different countries e.g. Belgium [205, 206], France [207], Canada [208], and 
England [209]. In 2009, BRE and Lime-Technology worked together and developed a 
new house based on hempcrete (Fig. 2.9 [210]). The house is based around using 
renewable materials to deliver a low cost, affordable house that meets Level 4 of the 
Code for Sustainable Homes [211] through materials alone, with a build cost of 
£75,000. Compared with other inorganic composite, hempcrete shows some 
advantages: (i) hempcrete provides a form of construction that can be built onsite 
quickly and efficiently or prefabricated offsite; (ii) hempcrete allows conventional 
mainstream builders to incorporate the materials into their normal practices with little 
adjustment; and (iii) hempcrete can capture carbon dioxide and lock it up into 
buildings.  
 
Fig. 2.8 Flowchart for hemp fibre applications. 
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Busbrid et al [212] found that hempcrete made from hemp fibres and clay has lowest 
embodied energy (49 MJ m
-3
) and negative embodied carbon -196 KgCO2 m
-3
 , which 
far below those for concrete (Fig. 2.10). Elfordy et al [213] currently developed a 
novel process to make hempcrete. A dry premix of lime and shive is conducted by air 
through a hose, and pulverised water is added before the hose outlet. They 
investigated the influence of the projection distance on the homogeneity and density 
of lime and hemp concrete blocks. This new interesting process accelerated setting 
kinetics and reduced drying times to less than one month, induced a better compaction 
of the particles. Peyratout and his research team [214, 215] investigated the influence 
of chemical treatment on the adhesion between hemp and the lime, and found that the 
modifications induced by specific chemical treatments (EDTA, NaOH) on fibres play 
a major role in the strengthening of the lime/fibres interface. As for the porous [216], 
water vapour absorption [216] and the transient hygrothermal [217] of hempcrete 
have been reported in the recent years. 
 
2.1.4.2 Hemp fibres/natural polymer composite 
 
Natural polymers used to mix with hemp for making composite include rubber, starch 
and soy protein. Results shows that composite from the hemp fibres/starch and hemp 
fibres/ soy protein displays higher mechanical properties, and the order of 
reinforcement is soy protein > starch > rubber. This may be due to the interfacial issue 
between hemp fibres and the matrix.  
 
Mohanty et al [218] used twin-screw extrusion and injection moulding process to 
make biocomposites from soy based bioplastic and chopped industrial hemp fibre and 
found that the tensile modulus and strength of 30 % fibre reinforcement increased by 
1.5 and 9 times respectively compare to those of soy based bioplastic. The reinforced 
effect has also been observed in the hemp reinforced starch composite, Ochi [219] 
found that the tensile and flexural strengths of the composites increased with 
increasing fibre content up to 70 %. The composites possessed extremely high tensile 
 
Fig. 2.9 Hempcrete house in BRE. 
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and flexural strengths of 365 MPa and 223 MPa, respectively. Nättinen et al [220] 
compared the hemp fibres/starch composite with flax fibres/starch composite and 
found that when the content of fibres was 10 %, the tensile strength, modulus and 
impact strength for hemp reinforced composite was 7.9 MPa, 0.68 GPa and 6.8 KJ 
m
-2
 , respectively. The relevant value for the flax fibres reinforced composite was 7.6 
MPa, 0.60 GPa and 12 8 KJ m
-2
, respectively. Osabohie et al [221] utilized the hemp 
fibres power as filler for rubber. Compared with carbon black, the hemp fibres/rubber 
had lower tensile strength (only 2/3 of that of carbon black/rubber), but the hemp 
fibre/rubber showed superior hardness (1.26 times of that of carbon black/rubber). 
 
2.1.4.3 Hemp fibres/synthetic polymer composite 
 
A high performance composite can be made from the blending of hemp fibres and 
synthetic polymers by various processes (e.g. bag molding [222], compression 
molding [134, 223], pultrusion [224], filament winding [225, 226]). Recently some of 
the composite have been used in our life, such as automobiles materials, building 
materials and aerospace materials. 
 
Table 2. 1 Summary of mechanical properties of hemp fibres/resin composite 
Matrix 
Tensile (MPa) Young’s modulus (GPa) 
References 
Pure resin Composite 
Pure 
resin 
Composite 
Polypropylene 22.8-35.46 
28.1-45.33           
(40% hemp fibres) 
1.07-1.1 
3.5-3.72               
(40% hemp fibres) 
[227-229] 
Polylactic acid 47.5-51 
75-85                   
(30% hemp fibres) 
3.5-5 
8-11                      
(30% hemp fibres) 
[230, 231] 
Polystyrene 34.1±0.68 
40.4±0.55         
(22.5% hemp 
fibres) 
- - [232]  
Epoxy  25 
60±5                    
(30% hemp fibres) 
0.7 
3.6±0.4                
(30% hemp fibres) 
[233]  
Polyester  12.5±2.5 
60±5                     
(35% hemp fibres) 
1.1±0.2 
1.75±1.5              
(35% hemp fibres) 
[234]  
Unsaturated 
polyester 
25±5 
65±2.5                 
(30% hemp fibres) 
1.5±1 
8.75±1.25            
(30% hemp fibres) 
[235] 
 
The data from ISI website from 2000 to now show that 59 articles about hemp fibres/ 
synthetic polymer composite are published, with 35 articles about reinforced 
thermoplastic polymers and 24 articles about reinforced thermosetting polymers. 
Table 2.1 summarizes the mechanical properties of hemp fibres reinforced synthetic 
polymers. It shows clearly that the addition of hemp fibres resulted in a great 
improvement in the mechanical properties of composite. Due to chemical reaction 
between the thermoplastic and the hydroxyl groups on the surface of fibres, hemp 
 25 
fibres reinforced thermoplastic polymers demonstrate much better effect. Meanwhile, 
these reports also discussed the influence of hemp length, content of hemp fibres and 
modification on the mechanical properties of composites. 
 
2.2 Nanocellulose 
 
After Anselme Payen firstly extracted cellulose from plants in 1838, the cellulose 
science developed rapidly with the effort of thousands of scientists. In 1870, the first 
kind of cellulose derivatives (celluloid) was successfully produced in industrial scale 
by Hyatt Manufacturing Company. Since that, cellulose extracted from wood became 
an important raw material for modern industry. From 1920s with the development of 
analytical chemistry and instrument, especially the development of XRD analysis 
technique, scientists have got much more information from cellulose, e.g. 
morphologies of cellulose with much smaller scale, structure of cellulose. During 
1940s-1960s, with the observation of scanning electron microscopy (SEM) and 
determination of XRD on the hydrolysis cellulose, researchers consequently 
investigated the crystalline structure of cellulose from various resources [236-249].  
 
In 1947, Nickerson et al
 
[239]
 
firstly employed hydrochloric and sulfuric acid 
hydrolysis to produce cellulose crystallites from cellulose materials. Their excellent 
research on the nanocellulose gave rise to attention by the other researchers [238, 240, 
245, 247]. In the early 1980s, nanocellulose which was called microfibrillated 
cellulose (MFC) at that time was developed by Turbak et al [250-253], which was a 
new form of expanded high-volume cellulose, moderately degraded and greatly 
expanded in surface area, obtained through a homogenization process. This new 
material was intended to be used in such products as foods, cosmetics, and medical 
products. Up to middle 1990s, there have been no attempts to employ MFC into new 
application despite its attractive structure. Nanocellulose has attracted more concerns 
since Favier et al [254, 255] firstly reported the fabrication of nanocellulose-based 
nanocomposite in 1995. After 2000, due to much more funding from government and 
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Fig. 2.11 Number of references about nanocellulose by publication year (from 2000 to 2010). 
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corporation on the exploit of cellulose with nano-scale, the research about 
nanocellulose develops rapidly, close to 200 articles were published in 2010 (see Fig. 
2.11).  
 
2.2.1 Fabrication of nanocellulose 
 
Nanocellulose can be obtained with various treatments from different kinds of natural 
sources which are summarized as follows (see Fig. 2.12, while the microstructure of 
microfibrils from various sources is summarized in Table 2.2): 
 
(1) Plant cellulose 
Right now, plant cellulose is the most widely used raw material for nanocellulose 
fabrication. This kind of cellulose mainly comes from wood, bast fibres (e.g. flax, 
hemp, and so on), herbaceous plant (e.g. bamboo, cotton), and agricultural waste (e.g. 
wheat straw, rice straw, banana rachis).  
 
(2) Animal cellulose (tunicate) 
Tunicates, also known as urochordates, are members of the subphylum Tunicata.         
It has long been known that the tunic of ascidians contain a polysaccharide that is   
similar to cellulose and is named tunicin. 
 
(3) Bacterial cellulose 
Bacterial cellulose (BC) is an extracellular product of Acetobacter xylinum, a 
gram-negative strain of acetic-acid-producing bacteria [256]. It is chemically identical 
to plant cellulose, β-1,4-glucans [257], but is secreted as a ribbon-shaped fibril, less 
than 100 nm wide, itself a bundle of much finer 2–4 nm nanofibrils [258]. These 
fibrils have excellent intrinsic properties due to their high crystallinity (up to 
84–89 %), including a relatively high elasticmodulus of 78 GPa. BC is one of the 
most promising biological based materials with broad prospective applications. BC 
has been widely used in foods, in acoustic diaphragms for audio speakers or 
headphones, for making unusually strong paper, and has medical applications as 
 
(a) 
 
(b) 
 
(c) 
Fig. 2.12 Sources of nanocellulose: (a), plant cellulose; (b), animal cellulose, and (c) bacterial cellulose. 
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wound dressings and artificial skins, artificial blood vessels, and tissue engineering 
scaffolds. 
 
Table 2. 2 Microstructure properties of cellulose microfibril from various sources [259, 260] 
Source Length (nm) Width (nm) Aspect ratio 
Wood 100-200 1-5 70 
Cotton 100 1-5 20 
Wheat straw 150-200 20 7.5-10 
Tunicate 1000-2000 10-20 100 
Bacterial cellulose 300 10 30 
 
Table 2. 3 Summary of nanocellulose preparation procedures 
Raw 
materials 
Method Procedure 
Nanocellulose 
dimension 
References 
Soft- 
wood 
Chemo-Mech
anical method 
TEMPO oxidation firstly, then fibrillated 
with ultrasonication 
2.5-4 nm width [155] 
Chemical 
hydrolysis 
Acid hydrolysis (3M HCl boiled 3 h), then 
oxidized by TEMPO for 3 days at pH 4.8 
with 60 oC 
3-5 nm width, 
200-400 nm length 
[261] 
Mercerized, then acid hydrolysis, finally 
oxidized by TEMPO 
4-7 nm width, 
50-150 nm length 
[261] 
Hard- 
wood 
Mechanical 
The cellulose fibres at 1 % consistency were 
first passed through a refiner by various 
passes, further fibrillation was done using a 
high-pressure homogenizer. 
10-25 nm width [262] 
Chemo- 
Mechanical 
method 
The bleached pulp was firstly oxidized with 
TEMPO, then disintegrated using a domestic 
food mixer for 5 min. 
3-4 nm width [263] 
After dewax treatment, the samples were 
further treated with an acidified sodium 
chlorite solution at 75 oC for 1 h, and then 
treated with 5 % potassium hydroxide at 90 
oC for 2 h. Finally, the cellulose suspensions 
obtained were then sonicated for 30 min 
using an ultrasonic processor 
10-20 nm width [264] 
Flax 
Chemo- 
mechanical 
method 
Flax pulps were pretreated with three 
different agents, then the pulps were 
homogenized using two microfludizer 
2-50 nm width, 
21-350 nm length 
[265] 
 
 
 
 
Table 2.3 Continued 
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Chemical 
hydrolysis 
Flax fibres were milled firstly by ball 
milling, and then hydrolyzed by sulphuric 
acid solution (60-64 %) at various 
temperatures. 
2-18 nm width, 
21-340 nm length 
[265] 
Hemp 
Chemo- 
Mechanical 
method 
Acid Hydrolysis (1M HCl, 80°C, 1.5h), then 
alkaline Treatment (2 % NaOH, 2h, 80°C), 
and then cryo-crushing in Liquid Nitrogen, 
finally using high pressure defibrillation 
30-100 nm width [266] 
Chemical 
hydrolysis 
Chopped hemp fibres were mixed in 400 mL 
of 3.2 mol/L H2SO4 for 5 days at 40°C with 
mechanical stirring. 
60 nm width, 340 
nm length 
[267] 
Chopped hemp fibres were mixed with a 
sulfuric acid aqueous solution (250 mL, 
64 %) and stirred vigorously at 45 oC for 4 h. 
20-40 width [268] 
Sisal 
Chemical 
hydrolysis 
Curaua fibres were hydrolyzed with 
sulphuric acid solution (60 %) at 45 oC for 
20 min. 
30.9 ± 12.5 nm 
width 
[269] 
Bamboo 
Chemical 
hydrolysis 
Bamboo pulp was treated with a set of 
acidified sodium chlorite (NaClO2) 
treatments at 70 oC for 3 h  and an alkaline 
treatment with 5 % potassium hydroxide 
(KOH) at 80 oC for 2 h. 
15-20 nm width [270] 
Cotton 
Chemical 
hydrolysis 
Dewaxed firstly, then treated with 6.5 M 
sulphuric acid at 45 oC and stirred vigorously 
for 75 min. 
6-18 nm width, 
85-225 nm length 
[271] 
Hydrolyzed with 30 % sulfuric acid at 60 oC 
for 6 h. 
90 nm width, 1200 
nm length 
[272] 
Banana 
rachis 
Chemo- 
Mechanical 
method 
Degum, then treated with 80 % acetic acid 
and 70 % nitric acid at 120 oC for 15 min, 
finally ultrasonication 
5 nm width, 
500-1000 nm length 
[273] 
Degum, then pre-treated with KOH at 
various concentrations for 14 h with room 
temperature, finally homogenized with 
homogenizer for 10 min 
5 nm width, few 
micrometer length 
[274] 
Bagasse 
Mechanical 
method 
Bagasse pulp was disintegrated by 
high-shear mixer; finally the refined fibres 
were homogenized using a two-chamber 
high-pressure homogenizer. 
7-24 nm width [275] 
Chemo- 
Mechanical 
method 
Bagasse pulp was firstly treated with 5 % 
NaOH for 45 min at 50 oC, and then 
disintegrated by high-shear mixer; finally the 
refined fibres were homogenized using a 
two-chamber high-pressure homogenizer. 
11-30 nm width [275] 
Table 2.3 Continued 
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Enzyme- 
assisted 
Bleached bagasse pulp were treated with 
crude xylanase enzymes in citrate buffer, 
then disintegrated by high-shear mixer, 
finally the refined fibres were homogenized 
using a two-chamber high-pressure 
homogenizer.  
9-25 nm width [275] 
Curaua 
Chemical 
hydrolysis 
Curaua fibres were hydrolyzed with 
sulphuric acid solution (60 %), hydrochloric 
acid solution (37.5 %), mixture of sulphuric 
and hydrochloric acid solutions (2:1 v/v) 
respectively at 45 oC for 75 min. 
 6–10 nm width, 
80–170 nm length 
[276] 
Wheat 
straw 
Chemo- 
Mechanical 
method 
The pre-treated pulp was hydrolyzed by 1 M 
of hydrochloric acid (HCl) at 80 ± 5 oC for 2 
h and then washed with distilled water 
repeatedly, then The pulp was treated once 
more with the 2 % NaOH solution at 80 ± 5 
oC for 2 h, finally treated with mechanical 
treatment this procedure includes 
cryocrushing, disintegration and 
defibrillation steps.  
 10–80 nm width,  
several micrometers 
length  
[277, 278] 
Chemical 
hydrolysis 
The wheat straw pulp was hydrolyzed with 
sulphuric acid (65 %). 
5 nm width, 150-300 
nm length 
[279] 
Tunicate 
Chemical 
hydrolysis 
Curaua fibres were hydrolyzed with 
sulphuric acid solution (55 %) at 60 oC for 
20 min. 
10-20 nm width, 100 
nm to several 
micrometers length  
[255] 
 
Toward exploiting the attractive properties of nanocellulose, various processes were 
developed. These methods lead to different types of nanofibrillar materials, depending 
on the cellulose raw material and its pretreatment, and the disintegration process itself. 
The preparation procedures of nanocellulose which are reported in recent years are 
summarized in Table 2.3. As Table 2.3 shows, the process of nanocellulose 
fabrication can be classified into two methods, namely, mechanical fabrication and 
chemical fabrication. It has been proved that the sources [264] and the conditions of 
fabrication [265] process affect the final dimension of microfibrils significantly. 
Meanwhile, these preparation methods of nanocellulose allow the control over the 
final properties, which may open novel applications in materials science, for example, 
as reinforcement in composites and as templates for surface modification. 
 
2.2.1.1 Mechanical fabrication 
 
The fabrication of nanocellulose can be obtained through mechanical treatments. 
These methods include: high pressure homogenization [258], ultrasonication [155, 
280-282], cryocrushing [277, 283], grinding [284-286] and so on, among which these 
methods, the homogenization seems to be the popular one (see Fig. 2.13 [287]). The 
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refining process is carried out prior to homogenization due to the fact that refining 
produces external fibrillation of fibres by gradually peeling off the external cell wall 
layers (P and S1 layers) and exposing the S2 layer. It also causes internal fibrillation 
that loosens the fibre wall, preparing the fibres for subsequent homogenization 
treatment.   
 
The passes through the homogenizer is considered as influencing parameters for the 
resulting fibril dimensions and the physical properties of fibril. For the influence of 
passes through, it has been found that (i) additional passes contribute to the increase 
of surface area on the cellulose fibrils with a decrease in diameter of fibrils; (ii) the 
value of aspect ratio of fibre bundles firstly increase with the increase of the pass 
number through at less number, but after a certain number this value decreased [288]; 
(iii) higher passes gives rise to the a reduction of diameter distribution [265]. 
Mechanical treatment may result in longer and entangled nanoscale cellulose elements 
leading to stronger networks and gels, but this treatment tends to damage the 
microfibril structure by reducing molar mass and degree of crystallinity. In addition, a 
higher number of passes through a mechanical homogenizer increases the energy 
consumption for disintegration. Therefore, researchers use various pretreatments in 
order to overcome the above disadvantages. It has been found that, combined with 
other pretreatments; it leads to a controlled fibrillation down to nanoscale and a 
network of long and highly entangled cellulose elements. Among these combination, 
enzyme-assisted [275, 289-291] and chemo-mechanical technique [261, 264, 278, 292] 
are the main ways for pretreatment among these methods. 
 
Fig. 2.13 Lab-scale equipment for the mechanical pre-treatment of cellulosic raw materials: (a) ten liter reactor 
for suspending cellulose raw material in water; (b) inline dispersing system for the extraction of cellulose fibril 
bundles; (c) container for the CFB suspension equipped with Stirrer; (d) air pump for the generation of high 
processing pressure (up to 1500 bar); (e) patented interaction chambers (Y- and Z-type); (f) cooling loop and 
product outlet. 
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Enzymatic pretreatment can increase the reactivity and swelling of cellulosic fibres, 
due to the degradation of enzyme on cellulose chain. The enzymatic processes are 
carried out generally by three types of enzymes (Fig. 2.14 [290]): (i) endocellulase 
breaks internal bonds to disrupt the crystalline structure of cellulose and expose 
individual cellulose polysaccharide chains; (2) exocellulase cleaves 2-4 units such as 
cellobiose from the ends of the exposed chains produced by endocellulase; and (3) 
cellobiase or β-glucosidase hydrolyzes the exocellulase product into individual 
monosaccharides. This degradation contributes to the cellulosic fibre disintegration 
during homogenization and reduces energy consumption. Enzymatic pretreatment was 
found to give higher average molar mass and larger aspect ratio than nanocellulose 
resulting from acidic pretreatment [289]. 
 
Chemical pretreatments typically promote fine production and fibre swelling, 
making defibrillation easier. The combined chemical pretreatment with sonication is 
a common way for chemo-mechanical technique. In 2004, Saito [293] firstly 
 
Fig. 2.15 Reaction scheme of TEMPO-mediated oxidation of primary hydroxyls. 
 
 
 
Fig. 2.14 Enzymatic processes by three types of cellulases. 
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reported the fabrication of nanocellulose with TEMPO-mediated oxidation. TEMPO 
mediated oxidation of fibres produces easily fibrillated products, regulating exposure 
time to a homogenizer can be used to control the nanofibril fraction within a fixed 
volume of oxidized fibres. In addition, researcher found that films of 
TEMPO-oxidized nanocellulose had high optical transparency, flexibility, high 
dimensional thermal stability and high oxygen barrier properties [294]. The 
mechanism of TEMPO pretreatment was showed in Fig. 2.15 [263]. This pretreatment 
introduces carboxylic acid groups in the C6 position of the glucose unit, which also 
may be utilized for surface modification. Small amounts of aldehyde groups are also 
introduced by the TEMPO pretreatment. 
 
2.2.1.2 Chemical fabrication 
 
Nickerson et al
 
[239]
 
firstly employed hydrochloric and sulfuric acid hydrolysis to 
produce cellulose crystallites from cellulose materials. However, this extraction 
method has not been successfully used to prepare a stable suspension of 
colloidal-sized cellulose nanocrystals until 1950s by the contribution of Rånby [242, 
243]. Sulfuric acids are commonly used to produce nanocellulose since 1950s. 
Sulfuric acid treatment of cellulose results in scission of glycosidic bonds, and thus, 
causes a reduction in DP. The glycosidic bond scission occurs in three steps (see Fig. 
2.17 [295]): (1) protonation of glycosidic oxygen, (2) fission of the glycosidic bond 
with transfer of the positive change to C-1, and (3) attack on the carbonium ion by 
water and re-formation of the hydronium ion. It has been found that the hydrolysis 
conditions, including reaction time, acid-to-pulp ratio and acid type, have a great 
influence on the dimensions and surface charge of the cellulose nanofibres [265]. 
Sulphuric acid provides a highly stable suspension with high negative charge (e.g. 
-69.7 mV for nano-scale cotton fibril [296]) due to the introduction of sulphate ester 
groups on the surface of crystallites [297]. Hydrochloric acid also has been used for 
obtaining nanocellulose [298], hydrochloric hydrolysis increases the thermal stability 
 
Fig. 2.16 Mechanism for acid hydrolysis of cellulose. 
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of cellulose nanostructures, but chloride ions are easily removed by repeated washings 
with water and minimal surface charge on the cellulose nanofibres. One of the major 
challenges when using acid hydrolysis to fabricate nanocellulose is to increase the 
final yield after processing, typically around 30% (of initial weight), which potentially 
limits scale-up by this method [299]. 
 
2.2.2 Characterization and properties of nanocellulose 
 
With the development of analytical techniques and the nanotechnology, researchers 
have revealed more details about nanocellulose. The main analytical techniques for 
the characterization include: microscopy, spectroscopy and scattering techniques. 
These characterizations are serviced for three purposes: (i) determination of the 
nanocellulose geometrical dimensions; (ii) properties investigation of nanocellulose 
(e.g. mechanical properties, optical properties, liquid crystallinity); and (iii) 
evaluation of nanocellulose modification.  
 
2.2.2.1 Morphology and size of nanocellulose 
 
As described in Table 2.2 the geometrical dimensions of nanocellulose from different 
sources vary. The precise shape size of nanocellulose can be evidenced by 
microscopy (e.g. atomic force microscopy (AFM) (Fig. 2.17(a) [300]), SEM (Fig. 
2.17(b) [301]), TEM(Fig. 2.17(c) [273])), spectroscopy (e.g. FTIR [302], nuclear 
magnetic resonance (NMR) [303], XRD [304], ) and scattering techniques (e.g. DLS 
[305], small-angle neutron scattering (SANS) [306, 307], small-angle X-ray scattering 
(SAXS) [259, 308], wide-angle X-ray scattering (WAXS) [309]).  
 
SEM, AFM and TEM are the common analytical instruments for the morphological 
analysis (Fig. 2.18), although a slight difference among them. AFM as well as SEM 
can be used for structure and morphologies determination of cellulose whiskers and 
their nanocomposites. Field emission scanning electron microscopy (FEG-SEM) 
allows a quick examination, giving an overview of the sample. However, the 
resolution was considered insufficient for detailed information. Conventional 
 
(c) 
Fig. 2.17 AFM (a), SEM (b) and TEM (c) image of nanocellulose.  
 
 
(b) 
 
(a) 
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bright-field transmission electron microscopy (TEM) is possible to identify individual 
nanocellulose, which enables determination of their sizes and shape. AFM can be 
used to overestimate the width of the nanocellulose due to the tip-broadening effect. It 
has be found that cross-section of the microfibrils observed by TEM is square, 
whereas the AFM topography of these microfibril surfaces shows a rounded profile 
due to convolution with the shape of the AFM tip [310].  
 
Recently, combined analytical instrument and computer-assisted techniques have 
been developed. Xu et al [311] firstly investigated 3D organization of cellulose 
microfibrils in plastic resin-embedded, delignified cell walls of radiata pine early 
wood. By using IMOD software, they determined the diameter of microfibril (around 
3.2 nm). Meanwhile, they estimated the length of individual cellulose microfibrils. 
They tracked 90 slices out of the 144 reconstructed slice images in the 150 nm thick 
specimen (Fig. 2.18(a)). Within the 90 tracked slices, the length of the cellulose 
microfibrils is about 95 nm. With the Image program, Chinga-Carrasco et al [312] 
assessed the multiscale structure of NFC-films (Fig. 2.18(b)) in detail and found that 
(i) the films made on the dynamic sheet former are exposed to shear forces during the 
fibril deposition on the forming wire; (2) the quantified local fibril orientations of the 
surface layers did not seem to reflect such differences; (3) the orientation anisotropy 
values were between 0.1 and 0.2 for all the samples; and (4) the surface structures 
have thus random orientations. 
 
2.2.2.2 Mechanical properties of nanocellulose 
 
By employing AFM [70, 71, 313-316] and spectroscopic techniques [317-320] 
researchers have revealed the mechanical properties of nanocellulose. The elastic 
modulus of nanocellulose has been measured in the axial direction (EA) and in the 
transverse direction (ET). The instruments for mechanical measurement and the results 
are summarized in Table 2.4. 
 
As shown in Table 2.4, axial elastic properties are typically measured by using AFM 
atomic three-point bending of individual nanocellulose, XRD and in situ combination 
 
(a) 
 
(b) 
Fig. 2.18 Computer assisted of cellulose microfibrils cluster (a) and nanocellulose film (b).  
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of tensile tests experiments with Raman spectroscopy of thin mats of nanocellulose 
impregnated with epoxy. The axial elastic modulus is around 57–180 GPa, which is in 
agreement to model calculations of EA = 124–155 GPa [321]. The transverse elastic 
properties have been measured using a combination of high-resolution AFM 
indentation and modelling, in which individual nanocellulose from wood ET = 18–50 
GPa, and tunicate ET = 9 ± 3 GPa, respectively. These results are similar to the 
theoretical model calculations of ET = 10–57 GPa [322, 323]. Note that there is a high 
probability of errors with such measurements that are associated with testing at AFM 
sensitivity limits, and model assumptions used to extract the mechanical properties.  
 
Table 2. 4 Mechanical properties of nanocellulose 
Techniques Source EA (GPa) ET (GPa) References 
AFM 
BC 78 ± 17  - [70] 
Lyocell  92-104  - [71, 313] 
Tunicate 
TEMPO-oxidation 145.2 ± 31.3  - 
 [314] 
Acid hydrolysis  150.7 ± 28.8  - 
Wood - 18-50 [315]  
Tunicate - 9 ± 3  [316] 
XRD Ramie  137 - [317] 
Raman 
Spectroscopy 
Tunicate 143 - [318] 
Cotton  57-105  - [319] 
BC 114 - [320] 
       EA: elastic modulus in axial direction, ET: elastic modulus in transverse direction. 
 
2.2.2.3 Optical properties and liquid crystallinity of nanocellulose 
 
In plant cell walls, cellulose microfibrils are arranged in a helicoidal pattern which has 
been considered as an analog to a cholesteric order [324]. Stiff rod-like particles are 
known to show liquid crystallinity [325]. Due to high stiffness and aspect ratio, 
nanocellulose has a strong tendency to align along a vector director under certain 
conditions, yet the crystals are readily dispersible, lyotropic (in solution) behavior is 
observed. This behaviour influences the other properties of nanocellulose significantly, 
such as polyelectrolytic nature and rheological behaviour.  
When the nanocelluloses are isolated from plant cell walls and put into a dilute regime, 
the initial ordered domains are similar to the tactoids. As nanocellulose concentration 
is increased, the system becomes semi-diluted where rotation becomes inhibited. At 
still higher concentration, an isotropic concentrated phase should be reached where 
rod motion is confined to small volumes. When a critical rod concentration is reached, 
the system becomes biphasic and some of the rods form an anisotropic phase in 
equilibrium with the isotopic phase. With increasing concentration in the biphasic 
region, the proportion of the anisotropic phase increases while the proportion of the 
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isotropic phase decreases until the system becomes completely nematic liquid 
crystalline at a second critical concentration (Fig. 2.19 [326]), and the chiral nematic 
orders can be retained after evaporation of the solvent. Marchessault et al [248] firstly 
observed the birefringment character of nanocellulose suspension. The birefringment 
feature of nanocellulose suspension can be observed directly (Fig. 2.20 [327]). After 
drying, the nematic liquid crystal phase can be observed clearly with polarized 
microscopy (Fig. 2.21 [328]) due to that nanocelluloses have high optical rotatory 
power reflecting a circularly polarized light in a limited wavelength band. 
 
Fig. 2.19 Phase behavior of fluid dispersed rod. 
 
Various factors such as size [329, 330], electrolyte [328, 331-333], dispersity, charge, 
and external stimuli can affect the liquid crystallinity behavior. Liquid crystallinity 
behaviour also can be influenced by the different process for preparing nanocellulose 
(Fig. 2.22 [334]). Due to the less single nanocellulose separated, the birefringence was 
somewhat weaker for sonicated suspension compared to the homogenized and 
hydrolysed suspensions [334]. The different acid hydrolysis also can result in different 
liquid crystallinity behavior, e.g. sulphuric acid and phosphoric acid derived crystals 
give chiral nematic structure whereas hydrochloric acid derived crystals with 
posttreatment sulfonation giving a birefringent glassy phase [335, 336] that shows a 
crosshatch pattern.  
 
Fig. 2.20 Photograph of an aqueous suspension of 
nanocellulose (0.50 %) observed between cross nicols 
showing the formation of birefringent domains. 
 
 
Fig. 2.21 Cholesteric fingerprint texture liquid 
crystalline cellulose dispersion. 
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Because cellulose crystallities have a helical twist down the long axis, similar to a 
screw [336], when nanocellulose submitted to a magnetic field, the long axes of 
nanocellulose becomes perpendicular to the magnetic field direction [337] (Fig. 
2.24(a)) and the distance between nematic planes along the cholesteric axis is shorter 
than that between the rods in a nematic plane [329]. Employed this feature, aligned 
nanofibres [338] and nanocellulose base composites (e.g. nanocellulose/PVA 
nanocomposite [193] (Fig. 2.24(b)), nanocellulose/wood pulp composite [260, 339] 
(Fig. 2.24(c)) have been developed. The results showed that the mechanical properties 
along the direction perpendicular to the magnetic field were much stronger than that 
parallel to the magnetic field. 
 
2.2.2.4 Polyelectrolytic nature of nanocellulose 
 
The scattering technique was used to investigate cellulose microfibrils in 1961 and 
was pioneered by Marchessault et al [249]. Scattering techniques was also used to 
investigate the polyelectrolytic behaviour of nanocellulose. These techniques include 
 
(c) 
Fig. 2.23 Schematic diagram showing the orientation of cellulose fragment with respect to the field H (a); 
FEG-SEM pictures of an etched surface of the nanocellulose/PVA nanocomposite (b) and (c) all-cellulose 
nano-composite fabricated in high magnetic field (H represents the direction of the field). 
 
 
 
(b) 
 
(a) 
 
Fig. 2.22 Birefringence of isolated nanocellulose (a) sonified (b) homogenized and (c) hydrolysed treatment. 
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ultra-small-angle X-ray scattering (USAXS) [340], small-angle X-ray scattering 
(SAXS) [308], static light scattering (SLS) [341, 342] and dynamic light scattering 
(DLS) [341-343]. 
 
For the charged rods, the electrostatic interactions play a main role in the phase 
stability. It has been proved that the effect of the electrostatic interactions on the 
liquid crystal phase transition in solutions of rodlike polyelectrolytes can be 
characterized by two parameters, namely, the effective diameter and the twisting 
action. Additionally, the excess of added monovalent electrolyte induced a decrease in 
the strength of the chiral interactions between the rods [328]. 
 
Furuta et al [340] firstly investigated the ordering structure of nanocellulose with 
USAXS. The results showed the presence of a single broad scattering peak. The peak 
is shifted towards lower q values with the addition of simple electrolytes, and 
disappeared at higher salt concentrations because of the disruption of the ordered 
arrangement. By using SLS and DLS, de Souza Lima et al [342] revealed that the 
tunicate nanocellulose suspension is the strong electrostatic interaction and the 
long-range odder in this system. 
 
2.2.2.5 Rheological properties of nanocellulose suspension 
 
Marchessault et al [249] firstly investigated the rheological properties of 
nanocellulose suspension and found that the hydrodynamic properties of 
nanocellulose are related to the size and length distribution of the particles in 
suspensions. Liquid crystals (LCs) may be divided into two subgroups: (1) lyotropic 
LCs, formed by mixing rigid rodlike molecules with a solvent, and (2) thermotropic 
LCs, formed by heating. Typically, the molecular weight, concentration, and shear 
rate are main factors that can affect the rheological behaviour of lyotropic LCs 
suspension. Due to the effect of liquid crystallinity and polyelectrolytic nature, the 
rheological behaviour of nanocellulose suspension is complicated. At low 
concentration, nanocellulose suspensions in the dilute regime were shear thinning and 
 
Fig. 2.24 Viscosity vs shear rate for nanocellulose 
suspensions from tunicate at low concentration. 
 
Fig. 2.25 Schematic showing the viscosity vs shear 
rate for lyotropic LCs. 
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this behavior increased as concentration was raised and showed concentration 
dependence at low rates and very little concentration dependence at high rates (see 
Fig. 2.24 [344]). However, at higher concentrations where the suspensions were 
lyotropic, the shear rate vs viscosity plot obeys lyotropic LCs (see Fig. 2.25 [345]). 
The effect of processing on the rheological behaviour has been demonstrated by the 
previous work [298], which found that the H2SO4-treated suspension showed no time 
dependence in viscosity, while the HCl-treated suspension was thixotropic at 
concentrations >0.5 % (w/v) and anti-thixotropic <0.3 %. Additionally, the effect of 
additives [346, 347], modification of nanocellulose [348-351] and post-treatment [352] 
on the rheological properties have been studied in recent years. 
 
2.2.3 Application of nanocellulose 
 
From middle 1990s, with the development of nanocellulose based composite [254, 
255], the application of nanocellulose was opened into a new stage. In the last 26 
years there has been extensive research in the application of nanocellulose. There 
have been more than 30 review articles and books describing preparation [353], 
morphology and structure [354, 355], properties [353, 355], modification [69], 
application of nanocellulose [353, 356, 357] and the patent about nanocellulose [358, 
359]. Especially, nanocellulose nanocomposites [358, 360-365] have attracted lots of 
attention, these outstanding review demonstrated the development of nanocellulose 
nanocomposite in recent year. Although most of the investigations about the 
application of nanocellulose still in laboratory stage, we can believe in optimism, with 
the development of new technology, especially nanotechnology, nanocellulose will be 
used industrially and open into much more new fields. Due to the high purity, 
nanocelluloses from bacterial celluloses have been exploited into commercial 
products. Bacterial celluloses can be applied in areas where plant cellulose can hardly 
be used. Most of them are realities in the health-care sector, e.g. skin transplants for 
sides, donor and receptor. For nanocellulose from plant and tunicate cellulose, their 
application (in laboratory-scale) can be done by two methods: (i) without any 
modification; (ii) with some modifications.  
 
2.2.3.1 Application of nanocellulose without modification 
 
Nanocellulose without modification can be utilized as the follows: 
 
(1) Nanopaper 
 
The application of nanocellulose in paper industry can be used as raw material for 
prepare nanopaper [366-371] or paper additives [372-374]. Using nanocellulose from 
wood cellulose, researchers have prepared high performance paper, which almost 
matches steel for strength. The foldable, low thermal expansion, and optically 
transparent nanocellulose paper (see Fig. 2.26 [375]) is the perfect candidate for 
substrates for continuous roll-to-roll processing in the future production of electronic 
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devices, such as flexible displays, solar cells, e-papers, and a myriad of new flexible 
circuit technologies, and could replace the costly conventional batch processes based 
on glass substrates currently used. Nakagaito et al [258] firstly fabricated high content 
nanocellulose nanocomposite by mixing nanocellulose with phenol- formaldehyde 
(PF) resin. Henriksson et al [366] firstly described the fabrication of nanopaper by 
using solvent exchange techniques. This nanopaper sample shows very high 
toughness (WA=15 MJ m
-3
), high strain-to-failure (10 %), high porosity (28 %) and 
Young’s modulus (13.2 GPa) and tensile strength (214 MPa) are remarkably high. 
Olsson et al [367] demonstrated an interesting stiff magnetic nanopaper by 
compacting bacterial cellulose nanofibril aerogels. Recently, Berglund and his 
co-researchers [368, 370] (see Fig. 2.27) developed a novel nanopaper with 
addition of clay. This clay nanopaper has high strength (232 MPa) and modulus 
(13.4 GPa) and is characterized by substantial optical transparency (T600 of 42 %), 
200 mm diameter, flatness, and surface smoothness (surface roughness of 21.9 nm). 
Meanwhile, clay nanopaper extends the property range of cellulose nanopaper, e.g. 
self-extinguishing characteristics, gas barrier properties.  
 
(2) Aerogel 
Aerogels are highly porous and very lightweight materials that feature a multitude of 
interesting properties, such as large specific surface area, extremely low thermal 
conductivity and sound propagation or excellent shock adsorption [376]. Aerogels can 
be prepared by replacing the liquid solvent in a gel by air without substantially 
altering the network structure or the volume of the gel body. The first aerogels were 
reported by Kistler in 1931 [377]. Aerogels based on nanofibrillated cellulose (NFC) 
may offer advantages due to its renewable. In 2001, Tan and co-workers [378] firstly 
prepared cellulose aerogel. In 2004, Jin et al [379] firstly fabricated nanofibrillar 
cellulose aerogels with dissolution/regeneration of cellulose in aq. calcium 
thiocyanate. Various drying methods (regular freeze drying, rapid freeze drying, and 
solvent exchange drying) were investigated. It was found that solvent exchange 
drying gave highly porous aerogel composed of approx. 50 nm wide cellulose 
microfibrils and highest specific surface area (160–190 m2 g-1). Later, a new 
Nanocellulose 
paper
Conventional 
paper
Fig. 2.26 Optically transparent nanofibre paper 
(left) and conventional paper (right). 
 
Fig. 2.27 Bacterial cellulose aerogel. 
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method-supercritical drying developed by Hoepfner et al [380] for making 
nanocellulose aerogel was demonstrated. Compared with freeze drying, SCD is the 
most effective method for the synthesis of homogeneous aerogels. This method can 
get much higher specific surface areas (250 m
2
 g
-1
) and bending strength (2 MPa). 
Recently, some novel nanocellulose based aerogel have be described, e.g. 
nanocellulose/clay aerogel [381], nanocellulose/ titanium dioxide aerogel [382]; and 
bacterial cellulose have been used as raw material to make nanocellulose aerogel [367, 
376, 383, 384] (see Fig. 2.27). Sehaqui et al [385] introduced Tert-butanol 
freeze-drying to make aerogel, due to the nature of tertbutanol, a lower extent of 
surface tension effects (capillary action) are displayed during the drying process. This 
resulted in aerogels with higher specific surface area (max. of 284 m
2 
g
-1
 for 
nanocellulose) compared to those prepared by conventional freeze-drying. 
 
(3) Template 
 
 
Due to the nano scale, nanocellulose was exploited as template to make nano-metal 
(e.g. nickel nanoparticle [386], porous titania [387], silver nanoparticle [388, 389], 
gold nanoparticle [390]), nano-nonmetal [391], nano-metal oxide [392, 393].  
Nanocellulose releases electrons during the carbonization process [394] and displays 
reducibility. Utilizing this mechanism, Yongsoon et al [386] fabricated nickel 
nanoparticle by thermal reduction process and prepared well-dispersed Ni 
nanocrystals on the carbonized nanocellulose with about 5–12 nm in size. They also 
successfully synthesized selenium nanoparticles [391] by thermal reduction process 
with nanocellulose. In 2010, Padalkar et al [395] firstly synthesized metallic 
nanoparticle chains by using a modified reductive deposition procedure involving the 
cationic surfactant cetyltrimethylammonium bromide (CTAB, which acts as a 
nanoparticle stabilizer) and tunicate nanocellulose suspension. As Fig. 2.28 [395] 
shows, Ag nanoparticles are formed via the conventional reduction of AgNO3, which 
is quite different from the thermal reduction. This method resulted in the successful 
 
Fig. 2.28 Synthesis mechanism for the formation of Ag nanoparticles on the surfaces of nanocelluloses. 
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decoration of nanocellulose surfaces with Ag, Cu, Au, and Pt nanoparticles. Later in 
2011, this research group successfully employed the same way to synthesized 
semiconductor [393]. 
 
(4) Nanocomposites (matrices are hydrophilic polymers which include natural 
polymers and water soluble polymers) 
 
Table 2. 5 Mechanical properties of nanocellulose (without modification) reinforced nanocomposites 
 
Nanocomposites in general are two-phase materials in which one of the phases has at 
least one dimension in the nanometer range (1–100 nm). The advantages of 
nanocomposite materials when compared with conventional composites are their 
superior mechanical, barrier and thermal properties at low reinforcement levels, as 
well as their better recyclability, transparency and low weight [400, 401]. Due to the 
high density of hydroxyl groups, nanocelluloses exhibit strong hydrophilic surface. 
Nanocellulose without modification always mixed with hydrophilic polymers for 
making nanocomposite. Solution casting is the main processing technique for 
nanocellulose (without modification) reinforced polymer matrix composites. 
Electrospinning also has been reported for making nanofibres [399, 402]. 
 
Nanocellulose has been used as reinforcing agent for nanocomposites. As Table 2.5 
shows, the addition of nanocellulose significantly reinforces the tensile and modulus 
of matrix, especially polyvinyl alcohol (PVA) and poly (ethylene oxide) (PEO). As for 
the strain, it shows an interesting difference between natural polymers and water 
soluble polymers. The addition of nanocellulose seems to be able to facilitate the 
increase of strain for water soluble polymers. Due to the homogeneous and the strong 
Type of 
matrix 
Matrix 
Strain (%) Tensile strength (MPa) Modulus (MPa) 
References Pure  
matrix 
Nano- 
composite 
Pure  
matrix 
Nano- 
composite 
Pure 
matrix 
Nano- 
composite 
Natural 
polymer 
Starch 68.2±3.1 
57.3±2.4     
(5 %) 
3.9±0.3  
4.5±0.2       
(5 %) 
31.9±5.1 
34.5±4.3    
 (5 %) 
[268] 
Amylo- 
pectin 
3.8±0.7 
2.4±0.8     
(10 %) 
16.4±6.6 
15.3±4.2    
(10 %)      
683±294 
822±279    
(10 %) 
[396] 
Rubber 576±36 
849±11      
(6 %) 
0.56±0.13 
2.3±0.4       
(6 %) 
0.5±0.14 
1.0±0.1      
(6 %) 
[397] 
Chitosan 8.9 5.5-6.5 40 80-140 1.4 1.5-7.5 [275] 
Soy 
protein 
29 2.5-11 16 32 0.5 1.19 [272] 
Water 
soluble 
polymer 
Polyvinyl 
 alcohol 
141.8 
149.71        
(5 %) 
32.38 
33.07        
(5 %) 
254.92 
536.69      
 (5 %) 
[398] 
Poly 
(ethylene 
oxide) 
176.4±44.3 
588±102.5   
(0.4 %) 
1.01±0.15 
1.74±0.09    
(0.4 %) 
32.7±5.9 
96.1±10.7   
(0.4 %) 
[399] 
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hydrogen bonding interaction between the nanocellulose and matrix, nanocellulose 
content has profound effects on the nanocomposite mechanical properties. 
Additionally, the addition amount of nanocellulose [268], source of nanocellulose [93, 
398] and the fabrication of nanocellulose [403] are thought as the factors which affect 
the mechanical properties of nanocomposite.  
 
The effect of nanocellulose on water uptake of composite depends on the matrix. For 
the matrix which have lower water sensitivity (e.g. rubber), the addition of 
nanocellulose results in the increase of water uptake [404]. In contrast, for the 
matrixes which have stronger hydrophilicity (e.g. starch, soy protein) the formation of 
microfibril network in the matrix prevents the swelling of matrix and decrease of 
water uptake. It has been proved that water sensitivity linearly decreases with the 
nanocellulose content [405-407]. Favier et al. [254, 255] firstly reported the 
demonstration of the reinforcing effect of cellulose whiskers on a thermoplastic 
matrix. The addition of tunicin whiskers displayed a spectacular improvement in the 
storage modulus of matrix. These outstanding properties were ascribed to a 
mechanical percolation phenomenon, yielded by cellulosic nanoparticles interactions 
through hydrogen bond forces with matrix.  
 
The hydrogen bonding also gives rise to increase of thermal stability [272, 403, 404, 
408-410] (see Fig. 2.29 [409]). Besides, nanocellulose/matrix interactions decrease 
with the increase of relative humidity (RH). The addition of nanocellulose affects the 
optical properly of nanocellulose nanocomposite. For instance, Fig. 2.30 (chitosan/ 
nanocellulose film is cited from [411], and soy protein is cited from [272]) shows 
optical transmittance of the films decreasing with increasing of the cellulose whisker 
content due to the occurrence of microphase separation which caused by the 
aggregation of fillers within the matrix. 
 
2.2.3.2 Application of nanocellulose with modification 
 
 
Fig. 2.29 Effect of relative humidity and 
nanocellulose content on the glass transition 
temperature of PVA. 
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Fig. 2.30 Dependence of the nanocellulose content 
on the optical transmittance (Tr) for soy pectin and 
chitosan matrix at 800 nm. 
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As described above, nanocellulose possesses an abundance of hydroxyl groups on the 
surface, where chemical reactions take place. Among the three kinds of hydroxyl 
groups, the OH group on the sixth position acts as a primary alcohol, where most of 
the modification predominantly occurs [412]. Various chemical modifications of 
nanocellulose, such as acetylation [413-415], esterification [416-419], silylation [420, 
421], oxidation [422-424] and grafting [425-427] have been reported. Most of these 
focused on the improvement of its dispersity and compatibility in different solvents or 
matrices that are suitable in the production of nanocomposites. These modifications 
open a wide field for the application of nanocellulose. To date there is increasing 
research focus on modification of nanocellulose because of the increasing potential 
applications of modified nanocellulose in various industrial sectors, such as stabilizer, 
nanocomposites, and so on. 
(1) Stabilizer 
Since the beginning of the twentieth century, it has been known that colloidal particles 
that are partially wetted by both the aqueous and the oil phases are capable of 
stabilizing emulsions [428, 429]. The effectiveness of these solids as stabilizers 
depends on factors such as particle size, interparticle interactions and the wettability 
of the particles. In general, the formation of an oil-in-water (o/w) emulsion is favored 
when the three-phase contact angle between the oil, solid and water is < 90°. When 
the angle is > 90°, the water-in-oil (w/o) emulsion will be stabilized. At the interface, 
the particles form rigid structures that can sterically inhibit the coalescence of 
emulsion droplets. Highly crystalline cellulosic materials also show this ability. In 
1986, Oza and Frank [430] firstly demonstrated the microcrystalline cellulose (MCC) 
stabilized emulsion. The authors proposed that, in addition to the “active” role at the 
interface, the MCC particles form a three-dimensional network structure in the 
continuous phase, which provides further retardation of coalescence through 
entrapment of emulsion droplets. In 1997, Ougiya et al. [431] presented a study 
comparing o/w emulsions stabilized by bacterial cellulose (BC) to those stabilized by 
MCC and nanocellulose. These previous reports describing the use of fibrillated 
cellulose materials as emulsion stabilizers dealt with o/w emulsions. Due to the 
 
Fig. 2.31. Shape of water droplet on hydrophobized 
nanocellulose surface. 
 
 
Fig. 2.32 Optical micrographs of emulsions prepared 
with silylated nanocellulose. 
0.6 
 45 
hydrophilic nature of cellulose, the fibrils and microfibrils are better wet by water 
than oil, and thus tend to stabilize water-continuous emulsions. In 2006 and 2007, 
Andresen et al [432, 433] firstly investigated the application of nanocellulose as w/o 
emulsion stabilizer. They utilized chlorodimethyl isopropylsilane to modify the 
surface of nanocellulose. The resulting material has a contact angle >90° (Fig. 2.31 
[432, 433]), and should consequently stabilize w/o emulsions (Fig. 2.32 [432, 433]). 
Recently, some investigations [434-437] about the fabrication of hydrophobized 
nanocellulose as the w/o or o/w stabilizer with novel methods have been reported 
consequently. 
(2) Nanocomposites (Matrix is hydrophobic polymer) 
 
It has been found that the addition of nanocellulose led to higher mechanical 
properties for matrix (see Table 2.6). Compounding extrusion, film stacking and 
casting-evaporation have been used for preparing nanocomposite. There have been 
some studies about the homogeneous dispersion of nanocellulose in the matrix. With 
the aim to overcome this difficult, roll-mill dispersion [438], various chemical 
pretreatments (see Table 2.7) have been reported. Oksman and his co-worker [439] 
employed PVA, maleic anhydride, acetic anhydride to modify nanocellulose for 
reinforcing PLA matrix. As shown in Fig. 2.33, acetylation modification demonstrates 
significant effect on the mechanical properties of nanocomposite. For instance, after 
maleic anhydride modification, the tensile strength and modulus increase 90.46 % and 
34.48 %, respectively.  
Nanocellulose is an environmentally-friendly material that could serve as a valuable 
renewable resource. New and emerging industrial extraction processes need to be 
optimised to achieve more efficient operations and this will require active research 
participations from the academic and industrial sectors. Due to the availability of 
materials based on nanocellulose is still limited, the application of nanotechnology in 
developing nanocellulose to more valuable products is required. Increasing attention 
is devoted to produce nanocellulose in larger quantities, and to explore various 
Tensile Modulus
0
20
40
60
80
15.38
61.14
34.48
90.46
12.08
-5.84
24.13
In
cr
ea
se
 (
%
)
 Unmodification
 PVA modification
 Maleic anhydride modification
 Acetic anhydride modification
20.88
 
Fig. 2.33 Comparison of tensile strength and modulus for unmodified and modified nanocellulose 
reinforced polylactic acid nanocomposite. 
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modification processes that enhance the properties, making it attractive for use in a 
wide range of industrial sectors. So far, most of the studies focus on the mechanical 
and chiral nematic liquid properties of nanocellulose nanocomposites while other 
research directions are also being explored. In nanocomposite systems, the 
homogeneous dispersion of nanocellulose in a polymer matrix is still a challenging 
point, as aggregation or agglomeration of nanocellulose is commonly encountered. 
 
The appropriate modification of nanocellulose to impart functional characteristics to 
these nanomaterials is highly needed if nanocellulose is to be successfully 
incorporated into a specific product system. It is anticipated that nanotechnology 
innovations in renewable resources, such as nanocellulose, will create a larger market 
for future products based on nanocellulose. 
 
Table 2. 6 Mechanical properties of nanocellulose reinforced hydrophobic polymer 
Matrix 
Amount of 
nanocellulose 
(%) 
Strain 
 (%) 
Tensile strength 
 (MPa) 
Modulus 
(GPa) 
References 
Polylactic acid 
0 3.4±0.4 58.9±0.5 2.9±0.6 
[440] 
5 2.7±0.1 71.2±0.6 3.6±0.7 
Polyurethane 
0 751.4±31.4 7.5±1.0 8.2±0.9 
[441] 
0.5 1087±61.9 26.9±1.5 40.9±3.3 
1 994.2±75.3 61.5±4.8 42.4±3.0 
5 1110.3±101.1 49.8±6.6 44.9±2.4 
Polyester 
0 1.75 16.40 1.38 
[442] 
1 1.86 16.97 1.58 
2 1.89 17.81 1.74 
3 1.53 18.02 1.90 
4 1.80 21.69 2.51 
5 2.50 22.64 2.59 
 
Table 2. 7 Comparison of mechanical properties for unmodified and modified nanocellulose reinforced polylactic 
acid nanocomposite 
Modification 
Amount of nanocellulose 
(%) 
Strain 
 (%) 
Tensile strength 
(MPa) 
Modulus 
(GPa) 
References 
Unmodification 
0 3.4±0.4 58.9±0.5 2.9±0.6 
[440] 
5 2.7±0.1 71.2±0.6 3.6±0.7 
PVA modification 
0 3.4±0.2 71.9±2.0 3.31±0.12 
[439] 
5 2.4±0.2 67.7±0.8 3.71±0.07 
Maleic anhydride 
modification 
0 1.9±0.2 40.9±3.2 2.9±0.1 
[400] 
5 2.7±0.5 77.9±6.7 3.9±0.3 
Acetic anhydride 
modification 
0 2.06638 44.4431 0.91 
[414] 
6 0.98534 71.615 1.05 
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Chapter 3 Fabrication of Nanocellulose and Statistical Analysis 
 
3.1 Introduction 
 
Nanocellulose is a material composed of nanosized cellulose fibrils. The typical 
dimensions of nanocellulose are 5–20 nanometers in width and up to 2000 nanometers 
in length [443]. This feature endows nanocellulose with a high aspect ratio (length to 
width ratio). Moreover, comparing with natural fibres, nanocellulose displays unique 
advantages, e.g. high specific surface and mechanical properties [444]. These 
advantages are leading nanocellulose as a versatile nanomaterial for a wide range of 
potential applications.  
 
Many researches has been reported on the fabrication [261-263], characterization [70, 
259, 319] and application [375, 379, 395] of nanocellulose among which most of the 
isolation methods are sulphuric acid hydrolysis and mechanical treatment while there 
is less report about the fabrication process by using oxidation/sonication. Sulfuric 
acids are commonly used to produce nanocellulose since Rånby [242, 243] firstly 
used this method in 1950s. The sulphuric acid hydrolysis can provide a highly stable 
suspension with high negative charge due to the introduction of sulphate ester groups 
on the surface of crystallites [297]. However, the low yield of nanocellulose (around 
30 % [299]) limits nanocellulose to be scaled up to industrial areas [299].  
 
Nanocellulose also can be obtained through mechanical treatments, e.g. high pressure 
homogenization [258], ultrasonication [155, 280-282], cryocrushing [277, 283] and 
grinding [284-286], among which the homogenization has become the most popular 
type of nanocellulose fabrication [288]. Mechanical treatment can result in longer and 
entangled nanoscale cellulose elements leading to stronger networks [291], but this 
treatment tends to damage the microfibril structure of nanocellulose by reducing 
molar mass and degree of crystallinity [445]. Additionally, the raw materials among 
these reports are refined wood fibres or microcrystalline cellulose (MCC). But there is 
less report about the fabrication of nanocellulose from natural fibres without refined 
pretreatment. 
 
In order to solve the main problems (low yield, crystallinity damage) as described 
above, in this work, we develop a novel method (oxidation/sonication) to fabricate 
nanocellulose directly from natural fibres (in this case hemp). In this chapter we will 
focus on the optimization of nanocellulose fabrication. Response surface methodology 
(RSM) based on a five-level-four-variable (hydrolysis time, hydrolysis temperature, 
dosage of swelling agent and dosage of oxidant) central composite design (CCD) is 
applied to design the experiment. Effect of process variables on the yield of 
nanocellulose will be discussed and the fabrication will be optimized with the assist of 
Design-Expert software. 
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3.2 Materials and methods 
 
3.2.1 Materials 
 
The chemical reagents, the raw material, chemical reagents and instrument used for 
research including the providers are summarized in Table 3.1. 
 
Table 3. 1 Summary of chemical reagents and instruments for analysis 
Chemical reagent, raw material, instrument Provider 
Hemp Yarns Shanxi Greenland Textile Ltd  
Oxidant Sigma-Aldrich Company Ltd 
Swelling agent Sigma-Aldrich Company Ltd 
EDTA Sigma-Aldrich Company Ltd 
Na2S Sigma-Aldrich Company Ltd 
BioDesign™Dialysis tubing Fisher Scientific UK Ltd 
Membrane filter (0.2µm) Fisher Scientific UK Ltd 
Fisherbrand®Centrifuge Fisher Scientific UK Ltd 
L&W Pulp Disintegrator Lorentzen & Wettre Ltd 
 Freeze dryer MMM Medcenter 
Fisherbrand®PH meter Fisher Scientific UK Ltd 
Oil free pump Fisher Scientific UK Ltd 
IKA®Overhead stirrer Fisher Scientific UK Ltd 
Fisherbrand®Ultrasonic bath Fisher Scientific UK Ltd 
MMM Vacucell 22 litre Vacuum Oven MMM Medcenter 
 
3.2.2 Fabrication of nanocellulose 
 
Fig. 3.1 shows the process of nanocellulose fabrication. The chopped hemp yarns (the 
length is around 1 mm which in favor of the disintegration of disintegrater) were 
firstly soaked in water in the disintegrator for 30 minutes and the materials were then 
removed to three-neck flask (500 ml). In these experiments, 14.2365 g of dried 
chopped hemp fibres were used for each time, and the final concentration of hemp 
fibres pulp was controlled at 5 %. Sodium hydroxide and sodium hypochlorite were 
added as swelling agent and oxidant, respectively. The mixture was then continuously 
stirred at normal speed (900 rpm) combined with continuous sonication under various 
hydrolysis temperatures and times (the levels of hydrolysis temperature and 
hydrolysis time are shown in Table 3.2). 
 
Then heating was stopped. When the suspension was cooled down to room 
temperature (i.e. 25 ºC), the obtained suspension was neutralized with glacial acetic 
acid. Then the suspension was centrifuged (into order to separate as much salts from 
nanocellulose suspension as possible the centrifugal speed was set to the maximum 
value of this instrument, namely, 8500 rpm) by the centrifuger to separate salts from 
nanocellulose suspension. The separation of salts by centrifuger was repeated couple 
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times until none of deposit appear on the bottom of centrifugal tube.  
 
After centrifuging, in order to obtain good dispersion of suspension, nanocellulose 
suspension was sonicated for 0.5h. For further separate the salt from the nanocellulose 
suspension, in this study, the separation of salt was carried out by dialysis method. 
The suspension was stored in the pretreated dialysis tubing (305 mm length, 49.5 mm 
diameter). The tubing was pretreated with the following procedure as described : 
soaked the tubing in hot solution (80 °C) containing 1 % EDTA and 0.3 % sodium 
sulfide for one minute; then the tubing was washed with 60 °C distilled water for two 
minutes and finally washed with distilled water at room temperature (25 ºC) for three 
hours. The tubing was subjected to dialysis in a 4×L container filled with distilled 
water, the distilled water was changed one for per 24 hours, in order to separate salt 
and pure nanocellulose, the dialysis process was continued for seven days. 
Nanocellulose powder was obtained by freezing dryer as described by Habib et al 
[446]. The response of yield of nanocellulose was calculated as follow:  
100%/
0

W
W
Yield t   (Eq. 3.1) 
where W0 is the weight of raw hemp yarn, Wt is the weight of nanocellulose. 
 
3.2.3 Response surface methodology (RSM) design 
 
RSM explores the relationships between independent variables and dependent 
response variables. The main idea of RSM is to use a sequence of designed 
 
Fig. 3.1 The process of nanocellulose fabrication: (a) hemp yarn; (b) short hemp fibres (chopped from hemp 
yarn); (c) disintegration; (d) chemical degradation and ultrasonication; (e) centrifugation; (f) dialysis; (g) 
nanocellulose suspension and (h) freezing dried. 
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experiments to obtain an optimal response [447]. The most popular RSM is the CCD. 
CCD was firstly described by Box and Wilson in 1951 [448] and improved upon by 
Box and Hunter in 1957 [449]. The main advantage of CCD is to reduce the number 
of experimental works [450]. In this present work, the CCD was applied through the 
use of Design-Expert software 8.0.6 (Stat-Ease, Inc., USA). The range and the levels 
of the test variables are given in Table 3.2. It should be mentioned that the dosage of 
swelling agent and oxidant are presented on the weight of dried fibres.  
 
Table 3. 2 Experimental range and levels of the independent variables 
Variables 
Range and levels 
-2 -1 0 1 2 
A-Time (h)  2 3 4 5 6 
B-Temperature (°C) 55 60 65 70 75 
C-Dosage of swelling agent 
(NaOH) (%)  
8 10 12 14 16 
D-Dosage of oxidant (NaClO) (%)  20 40 60 80 100 
 
3.2.4 Statistical analysis 
 
This software was released by Stat-Ease and can provide the tools for RSM analysis 
for process optimization. The analytical process in this software includes 6 steps 
[451-453]: 
 
(i). Transformation 
By default, the transformation option is set to "none". A ratio of the maximum to    
the minimum greater than 10 usually indicates a transformation is required [453]. 
This software provides 8 kinds of response transformation, namely, square root, 
natural log, base 10 log, inverse square root, inverse, power, logit and arcsin 
square root. Various types of data can be carried out with relevant 
transformation, e.g. the yield data can be transformed by the square root 
transformation.  
 
(ii). Fit summary 
The fit summary option collects the important statistics used to select the correct 
starting point for the final model. The software provides suggested model. And 
the suggested model can be edited by the Model option. 
 
(iii). Model 
On the Model screen, the model selected initially contains all of the terms. But 
the model can be edited by removing the negligible terms (has) or adding new 
terms. The model reduction can be done manually or automatically. There are 
three basic types of automatic model regression, namely, backward, forward, 
stepwise. After selecting or editing model, click on the ANOVA button. The 
edited model can be evaluated by analysis of variance (ANOVA). 
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(iv). Perform the ANOVA 
In the ANOVA option, the software provides the ANOVA results with 
annotations and the final equations. A significant model and not significant lack 
of fit is desired. If the lack of fit shows significant or any term displays high 
value of p-value (greater than 0.1) go back to the model option and edit the 
model again 
 
(v). Diagnostics 
Graphical summaries for case statistics can be seen by selecting the Diagnostics 
button. Most of the plots display residuals, which show how well the model 
satisfies the assumptions of the analysis of variance.  
 
(vi). Model graphs 
This software provides various graphs to interpret the model selected. These are 
generated by clicking on the Model Graph button. For RSM designs, the 
primary graphs will be the contour and 3D surface. Both of them show how any 
two factors affect the response. 
 
The analysis of experimental data shown in Table 3.3 was performed by the 
Design-Expert Version 8.0.6 software. The maximum and the minimum response 
value (yield) shown in Table 3.3 are 42.02 % (Std 21) and 2.52 % (Std 23), 
respectively. Therefore, the ratio of maximum response value to minimum response 
value is 16.67. This means that a transformation is required. In this experiment, the 
square root transformation was used to transform the response. This equation is: 
kyy `  (Eq. 3.2) 
where yˋ is the transformed response, y is the response and k is a constant. We 
selected randomly a positive value as a constant. In Fit Summary, the model what the 
software provided was quadratic model. Then the model and k were adjusted by steps 
(iii) to (v) as described above. The final value of k was 32967. Backward method was 
used as the model regression, because it was the most robust choice for algorithmic 
model reduction [451]. The removal term in this model was term AB. 
 
SigmaPlot software can provide high-quality graph. Therefore, in this experiment, the 
model graphs drawing were performed by using SigmaPlot Version 12.0 (Systat 
Software Inc., USA). Such three dimensional surfaces could yield accurate 
geometrical representation and provide useful information about the behavior of the 
system within the experimental design.  
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Table 3. 3 Central composite design experimental data and predicted values for RSM 
Std A B C D 
Time 
(h) 
Temperature 
(°C) 
Dosage of 
Swelling 
agent      
(%) 
Dosage 
of 
Oxidant     
(%) 
Yield 
(%) 
Predicted 
Yield 
 (%) 
1 -1 -1 -1 -1 3 60 10 40 9.03  10.89 
2 1 -1 -1 -1 5 60 10 40 20.55  17.44 
3 -1 1 -1 -1 3 70 10 40 17.54  18.99 
4 1 1 -1 -1 5 70 10 40 23.38  25.55 
5 -1 -1 1 -1 3 60 14 40 10.72  10.94 
6 1 -1 1 -1 5 60 14 40 8.22  12.41 
7 -1 1 1 -1 3 70 14 40 14.03  14.00 
8 1 1 1 -1 5 70 14 40 15.97  15.47 
9 -1 -1 -1 1 3 60 10 80 27.90  29.42 
10 1 -1 -1 1 5 60 10 80 31.54  32.07 
11 -1 1 -1 1 3 70 10 80 34.31  30.61 
12 1 1 -1 1 5 70 10 80 32.46  33.26 
13 -1 -1 1 1 3 60 14 80 21.07  21.49 
14 1 -1 1 1 5 60 14 80 21.58  19.06 
15 -1 1 1 1 3 70 14 80 15.61  17.63 
16 1 1 1 1 5 70 14 80 14.46  15.19 
17 -2 0 0 0 2 65 12 60 23.63  22.51 
18 2 0 0 0 6 65 12 60 27.03  26.63 
19 0 -2 0 0 4 55 12 60 12.95  12.14 
20 0 2 0 0 4 75 12 60 17.09  16.38 
21 0 0 -2 0 4 65 8 60 42.02  42.00 
22 0 0 2 0 4 65 16 60 25.50  23.99 
23 0 0 0 -2 4 65 12 20 2.52  0.15 
24 0 0 0 2 4 65 12 100 17.55  18.41 
25 0 0 0 0 4 65 12 60 27.73  27.66 
26 0 0 0 0 4 65 12 60 27.88  27.66 
27 0 0 0 0 4 65 12 60 27.10  27.66 
28 0 0 0 0 4 65 12 60 27.66  27.66 
29 0 0 0 0 4 65 12 60 27.77  27.66 
30 0 0 0 0 4 65 12 60 27.79  27.66 
 
3.3 Results and discussion 
 
3.3.1 ANOVA analysis and fitting of quartic model 
 
Table 3.4 presents a summary of relevant statistics for the model from Fit Summary 
step. Predicted R
2
 is a measure of variation in new data given by the model and 
predicts how well the model can predict the response; adjusted R
2
 is a measure of the 
amount of variation around the mean explained by the model, adjusted for the number 
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of terms in the model [454]. Adjusted R
2
 and Predicted R
2
 should be as high as 
possible and within approximately 0.20 of each other to be in reasonable agreement 
[454]. As shown in Table 3.4, quadratic model has higher R
2
, Adjusted R
2
 value and 
the highest Predicted R
2
 value. Moreover, in quadratic model, Adjusted R
2
 and 
Predicted R
2
 is within approximately 0.20. Therefore,we selecte quadratic model.  
 
Table 3. 4 Model summary statistics 
Source 
Standard 
deviation 
R2 Adjusted R2 Predicted R2 PRESS 
Linear 0.1080  0.4656  0.3801  0.2113  0.4307  
2FI 0.1141  0.5475  0.3093  0.1356  0.4721  
Quadratic 0.0345  0.9673  0.9367  0.8122  0.1026  
Cubic 0.0184  0.9957  0.9820  0.3997  0.3279  
 
An ANOVA table is commonly used to summarize the tests performed. Table 3.5 
shows the ANOVA results of the reduced quadratic model for nanocellulose yield. The 
significant factors can be ranked based on the F-value or p-value (also named 
“Prob. > F” value). The larger the magnitude of F-value and correspondingly the 
smaller the “Prob. > F” value, the more significant is the corresponding coefficient 
[455]. It can be seen from Table 3.5 that the F-value of the model is 34.1906 and the 
corresponding p-value (Prob. > F) is very low (less than 0.0001), implying that the 
model is significant. The p-values are used as a tool to check the significance of each 
of the coefficients [456]. Values of “Prob. > F” less than 0.05 indicates the model 
terms are significant [457]. In this work, the main effect of hydrolysis time (A), 
hydrolysis temperature (B), dosage of swelling agent (C), dosage of oxidant (D), 
inter-effect of hydrolysis time with hydrolysis temperature (AB), hydrolysis time with 
dosage of swelling agent (AC), hydrolysis time with dosage of oxidant (AD), 
hydrolysis temperature with dosage of swelling agent (BC), hydrolysis temperature 
with dosage of oxidant(BD), dosage of swelling agent with dosage of oxidant (CD), 
the quadratic effect of hydrolysis time (A
2
), hydrolysis temperature (B
2
), dosage of 
swelling agent (C
2
) and dosage of oxidant (D
2
) are significant model terms. The mean 
square value of lack of fit is 0.00005. This implies the lack of fit is not significant 
relative to the pure error [458].  
 
Post-ANOVA statistics in Table 3.5 shows the R
2
 value for the yield of nanocellulose 
is calculated as 0.9653, which is close to 1 and implies that the sample variation of 
96.53 % for yield of nanocellulose is attributed to the independent variables, and only 
about 3.47 % of the total variation cannot be explained by the model. R
2
 is a measure 
of the amount of variation around the mean explained by the model [459]. Therefore 
the high R
2
 value indicates that the accuracy and general ability of the modified 
quadratic model is good. The predicted R
2
 of 0.8421 is in reasonable agreement with 
the adjusted R
2
 (which is more suitable for comparing models with various numbers 
of independent variables) of 0.9370, which has advocated a high correlation between 
the observed values and the predicted values. This means that the regression model 
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provides an excellent explanation of the relationship between the independent 
variables (factors) and the response (selectivity). Adequate precision is comparable 
with the range of the predicted values at the design points to the average prediction 
error. In terms of the signal to noise ratio, a ratio greater than 4 is desirable [451]. In 
this case, the ratio of 27.8347 indicates an adequate signal and suggests that the model 
can be used to navigate the design space. 
 
Table 3. 5 ANOVA for response surface quartic model 
Source Sum of squares df 
Mean 
square 
F-value 
p-value 
Prob>F 
Model 0.0163 13 0.00126 34.1906 < 0.0001 
A-Time 0.0002 1 0.00019 5.2586 0.0357 
B-Temperature 0.0002 1 0.00021 5.5727 0.0313 
C-Swelling agent 0.0037 1 0.00369 100.4036 < 0.0001 
D-Oxidant 0.0037 1 0.00379 103.2154 < 0.0001 
AC 0.0002 1 0.00020 5.3419 0.0345 
AD 0.0001 1 0.00012 3.1521 0.0948 
BC 0.0002 1 0.00019 5.2621 0.0357 
BD 0.0004 1 0.00036 9.8775 0.0063 
CD 0.0005 1 0.00048 13.1463 0.0023 
A2 0.0001 1 0.00012 3.3700 0.0850 
B2 0.0023 1 0.00233 63.4942 < 0.0001 
C2 0.0004 1 0.00037 10.0981 0.0058 
D2 0.0044 1 0.00439 119.5071 < 0.0001 
Residual 0.0006 16 0.00004   
Lack of Fit 0.0006 11 0.00005   
Pure Error 0 5 0   
Cor Total 0.0169 29    
Std. Dev. 0.0061 R2 0.9653   
Mean 181.6281 Adjusted R2 0.9370   
C.V. % 0.0033 Predicted R2 0.8421   
PRESS 0.0027 
Adequate 
precision 
27.8347   
 
The prediction equation is provided in both coded factors and actual factors. The 
coded equations are determined first by the software, and the actual equations are 
derived from the coded [451]. The final equation is: 
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   (Eq. 3.3) 
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By employing the diagnostic option, the adequacy of quartic model was further 
checked. The diagnostic plots are shown in Figs. 3.2-3.5. A check on the plots in Figs. 
3.2 and 3.3 reveal that the residuals generally fall on a straight line implying that the 
errors are distributed normally. Fig. 3.2 compares experimental yields to the predicted 
values obtained from the model described in Eq. 3.3. The agreement between the 
predicted and experimental values implies the high accuracy of the model. Therefore, 
this model could be used to predict the yield of nanocellulose. 
 
Three plots related to residuals diagnostic are presented: the normal probability plot 
against internally studentized residuals, the plot of internally studentized residuals vs. 
predicted values of yields and internally studentized residuals vs. run number (Fig. 3.3, 
Fig. 3.4 and Fig. 3.5, respectively). In Fig. 3.3, points fall closely around the straight 
line. Such observation indicates that there are no serious violations in the quartic 
assumptions (i) that errors are normally distributed and are independent of each other; 
(ii) that the error variances are homogeneous and (iii) that residuals are independent. 
Test for the modified quartic model of constant variance is given by plot presented in 
 
Fig. 3.3 Normal plot of residuals for nanocellulose 
yield. 
 
 
Fig. 3.2 Plot of predicted vs. actual for nanocellulose 
yield. 
 
 
Fig. 3.4 Plot of residuals vs. predicted response for 
nanocellulose yield. 
 
 
 
Fig. 3.5 Plot of residuals vs. run for nanocellulose 
yield. 
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Fig. 3.4. It can be seen that the points are randomly scattered and all values lie within 
the range of −2.754 and 2.429 (values between −3 and +3 are considered as the top 
and bottom outlier detection limits). Fig. 3.5 shows that the minimum appears in run 
number 7 and the maximum appears in run number 26. Based on the plots presented 
from Figs. 3.2 to 3.5, it can be concluded that response transformation used was 
appropriate, that there was no apparent problem with normality, and that developed 
quartic model is successful in capturing the correlation between studied key operating 
process parameters of nanocellulose fabrication system. 
 
3.3.2 Effects of process variables on the yield of nanocellulose 
 
To investigate the interactive effects of two factors on the response values, three 
dimensional surface and contour plots were drawn by considering two variables at a 
time while keeping the other two variables at the central (0) level, based on the final 
equation (Eq. 3.3). 
 
By keeping hydrolysis temperature (B) at the central level (65 °C) and dosage of 
oxidant at the central level (60 %), the combined effect of hydrolysis time and dosage 
of swelling agent was investigated. The results are illustrated in Fig. 3.6 in the form of 
3D surface (Fig. 3.6(a)) and contour plots (Fig. 3.6(b)). It should be noted that, 
comparing with the other inter-effect terms the F-value of AB term is the lowest. 
Therefore, in this section we will not discus their combined effect on the yield of 
nanocellulose. As can be seen, the yield of nanocellulose decreases almost linearly 
when the dosage of swelling agent changes from 8 % to 16 %. This is may be due to 
the peeling reaction which can result in the hydrolysis of hemp fibres. The best 
hydrolysis time ranges from 3.98h to 4.91h. 
 
The combined effect of hydrolysis time and dosage of oxidant was shown with 3D 
surface and contour plots in Fig. 3.7(a) and 3.7(b) respectively (the level of hydrolysis 
temperature and dosage of swelling agent was 65 °C and 12 %, respectively). It can 
be seen that the yield of nanocellulose would increase as hydrolysis time and dosage 
of swelling agent increase from 2 to 4.03h and from 20 to 68.75 %, respectively. The 
yield of nanocellulose would decrease when the hydrolysis time is longer than 4.77h 
or the dosage of oxidant is larger than 72.89 %. 
 
The surface plot showing the effect of hydrolysis temperature and dosage of swelling 
agent at 4h hydrolysis time and 60 % oxidant (Fig. 3.8(a) and 3.8(b)), shows a 
saddle-shaped surface, exhibiting an optimum temperature 65.63-69.79 °C and dosage 
of swelling agent 8 %. At 8 % swelling agent, the highest nanocellulose yield (>42 %) 
is observed. The yield of nanocellulose increases when the temperature increases from 
55 °C to 65.63 °C at 8 % swelling agent, and then starting to decrease from 69.79 °C.  
 
Fig. 3.9 shows the combined effect of hydrolysis temperature and dosage of oxidant 
on the yield of nanocellulose. It seems that when the dosage of oxidant less than 30 %, 
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hydrolysis temperature has insignificant effect on the yield of nanocellulose. Above 
30 % oxidant, the yield of nanocellulose increases with the increasing of hydrolysis 
temperature at first then decreases with the temperature increasing. As Fig. 3.9 shows, 
the best conditions for the yield of nanocellulose are: temperature 63.38-67.11 °C and 
dosage of oxidant 66.23-71.89 %. The saddle-shaped surface can be observed in Fig. 
3.10, which shows the mutual effect of swelling agent and oxidant on the yield of 
nanocellulose. The yield of nanocellulose can reach maximum when the dosage of 
swelling agent is 8 % and the addition of oxidant around 70-87.43 %. 
 
 
                      (a)                                         (b) 
Fig. 3.6 Response surface plots (a):3D graph; and (b) contour graph showing the effect of time, swelling agent 
and their mutual effect on the yield of nanocellulose. Other variables are constant: temperature, 65 ºC and 
dosage of oxidant, 60 %. 
 
 
                   (a)                                            (b)  
Fig. 3.7 Response surface plots (a):3D graph; and (b) contour graph showing the effect of time, oxidant and 
their mutual effect on the yield of nanocellulose. Other variables are constant: temperature, 65 ºC and dosage 
of swelling agent, 12 %. 
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                   (a)                                            (b)  
Fig. 3.8 Response surface plots (a):3D graph; and (b) contour graph showing the effect of temperature, 
swelling agent and their mutual effect on the yield of nanocellulose. Other variables are constant: time, 4 h and 
dosage of oxidant, 60 %. 
 
 
                   (a)                                            (b)  
Fig. 3.9 Response surface plots (a):3D graph; and (b) contour graph showing the effect of temperature, oxidant 
and their mutual effect on the yield of nanocellulose. Other variables are constant: time, 4 h and dosage of 
swelling agent, 12 %. 
 
 59 
 
 
3.3.3 Optimization of the fabrication process 
 
Table 3. 6 Optimization criteria for nanocellulose fabrication 
Criteria Goal Lower limit Upper limit 
Yield (%) Maximize 2.52 50 
Time (h)  In range 4 5 
Temperature (°C) In range 60 70 
Dosage of swelling agent (NaOH) (%)  Equal to 8 8 
D-Dosage of oxidant (NaClO) (%)  In range 70 87 
 
In this work, numerical optimization method was carried out by Design-Expert 
software to optimize the fabrication process. Because numerical optimization presents 
a comprehensive and up-to-date description of the most effective methods in 
continuous optimization [460]. In the numerical optimization, yield of nanocellulose 
was set to a maximum range whereas hydrolysis time, hydrolysis temperature and 
dosage of swelling agent were set in a range between low and high level and dosage 
of oxidant was set to an exact value (8%). The desired criteria are summarized in 
Table 3.6. Table 3.7 shows software generated three optimum conditions of 
independent variables with the predicted values of responses. Solution number 1 has 
the maximum desirability value was selected as the optimum conditions of 
nanocellulose fabrication. To validate the model adequately, the fabrication at this 
condition was done and the yield of nanocellulose was 47.79 %. The experimental 
value obtained was in good agreement with the value predicted from the models. In 
order to optimize the addition of swelling agent, we investigated the effect of the 
 
                   (a)                                            (b)  
Fig. 3.10 Response surface plots (a):3D graph; and (b) contour graph showing the effect of swelling agent, 
oxidant and their mutual effect on the yield of nanocellulose. Other variables are constant: time, 4 h and 
temperature, 65 ºC. 
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dosage of swelling agent on the yield of nanocellulose at the same condition. It can be 
seen from the Fig. 3.11 that when the addition of swelling agent is 0, 2, 4, 6 and 8 %, 
respectively, the yield of nanocellulose is 38.23 %, 44.43 %, 54.11 %, 49.51 % and 
47.79 %, respectively. It is apparent that the best addition of swelling is 4 %.  
 
Table 3. 7 Solutions for optimum conditions 
Number 
Time  
(h) 
Temperature 
(°C)  
NaOH 
(%) 
NaClO 
(%) 
Yield  
(%) 
Desirability 
1 5 67 8 70 48.0049 0.958 
2 4.97 66.99 8 70 47.95 0.957 
3 4.92 66.82 8 70 47.8628 0.955 
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Fig. 3.11 Effect of dosage of swelling agent on yield of nanocellulose.  
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3.4 Interim conclusions 
 
In this chapter, oxidation/sonication method was used to fabricate nanocellulose 
successfully. RSM based on a five-level-four-variable CCD was employed to 
optimize the preparation conditions of nanocellulose. The four variables considered 
were hydrolysis time, hydrolysis temperature, dosage of swelling agent and dosage of 
oxidant.  
 
Reduced quartic model has been used to describe the correlation between the response 
and other variables. The main effects, quadratic effects and interactions of the four 
variables on the yield of nanocellulose were investigated by the analysis of variance 
(ANOVA). In this work, the main effect of hydrolysis time (A), hydrolysis 
temperature (B), dosage of swelling agent (C), dosage of oxidant (D), inter-effect of 
hydrolysis time with dosage of swelling agent (AC), hydrolysis temperature with 
dosage of swelling agent (BC), hydrolysis temperature with dosage of oxidant(BD), 
dosage of swelling agent with dosage of oxidant (CD), the quadratic effect of 
hydrolysis temperature (B
2
), dosage of swelling agent (C
2
) and dosage of oxidant (D
2
) 
were significant model parameters. 
 
Predicted values from the reduced quartic model were found to be in good agreement 
with observed values, indicating that the regression equations could be used to predict 
and optimize the yield of nanocellulose. The optimal values of variables were 
obtained at hydrolysis time 5h, hydrolysis temperature 67 °C, dosage of swelling 
agent 4.00 % and dosage of oxidant 70 %. Under this optimal condition the yield of 
nanocellulose could be up to 54.11 %. 
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Chapter 4 Characterization of Nanocellulose 
 
4.1 Introduction 
 
With the development in analytical techniques and the nanotechnology, researchers 
are now able to reveal more details about nanocellulose. The precise shape size of 
nanocellulose can be observed by microscopy (e.g. AFM [259, 310, 461], SEM [255], 
TEM [279, 310, 462]), spectroscopy (e.g. FTIR [302], NMR [303], XRD [304]) and 
scattering techniques (e.g. dynamic light scattering (DLS) [305], small-angle neutron 
scattering (SANS) [306, 307], small-angle X-ray scattering (SAXS) [259, 308], 
wide-angle X-ray scattering (WAXS) [309]). Combined with analytical instruments, 
computer-assisted techniques have been developed to investigate the size of 
nanocellulose. By employing AFM [70, 71, 313-316] and spectroscopic techniques 
[317-320], researchers are able to examine the mechanical properties of nanocellulose. 
Scattering techniques are used to investigate the polyelectrolytic behaviour of 
nanocellulose. These techniques include ultra-small-angle X-ray scattering (USAXS) 
[340], (SAXS) [308], static light scattering (SLS) [341, 342] and DLS [341-343]. 
 
In the present work, we will characterize nanocellulose fabricated from hemp yarns 
with various analytical instruments, aiming to reveal the features of nanocellulose 
fabricated using our novel method. Nanoparticle tracking analysis (NTA), FEG-SEM 
and AFM are employed to study the size and the morphologies of nanocellulose; 
Attenuated total refraction Fourier transform infrared spectroscopy (ATR-FTIR), 
XRD and XPS are utilized to determine chemical and crystal structure of 
nanocellulose. Finally, the thermal properties of nanocellulose are investigated by 
differential scanning calorimetry (DSC). 
 
4.2 Materials and methods 
 
4.2.1 Materials 
 
Table 4. 1 Summary of chemical reagents and instruments for analysis 
Raw materials, Instrument Provider 
Hemp Yarns Shanxi Greenland Textile Ltd  
Dimension 3100 AFM Digital Instruments (USA) 
Spectrum Two™ ATR-FTIR PerkinElmer UK Ltd 
DSC 6000 PerkinElmer UK Ltd 
Zeiss Supra 35 VP FEG-SEM Oxford Instruments GmbH 
 Freeze dryer MMM Medcenter 
LM100 NTA NanoSight UK Ltd 
Thermo Scientific™ ESCALAB 210 Fisher Scientific UK Ltd 
MMM Vacucell 22 litre Vacuum Oven MMM Medcenter 
D8 FOCUS X-ray powder diffraction  Bruker UK Ltd 
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The nanocellulose which was fabricated by the optimized conditions was used in this 
chapter. The other raw material and instrument includes the provider are summarized 
in Table 4.1. 
 
4.2.2 Characterization of nanocellulose 
 
Table 4. 2 Summary of the aim of characterization of nanocellulose with various instruments 
Characterization Instrument Aim 
Size distribution of 
nanocellulose 
NTA 
Determine the size of nanocellulose and find out if the 
oxidation/sonication could fabricate the nano-scale cellulose. 
Morphologies of 
nanocellulose 
AFM 
To characterize the surface morphologies of the nanocellulose. 
FEG-SEG 
Chemical structure of 
nanocellulose 
XPS 
Compared the elemental composition of nanocellulose with raw 
material (hemp yarn) and find out the differences to reveal the 
effect of oxidation/sonication on the elemental composition of 
nanocellulose. 
ATR-FTIR 
Compared the chemical groups of nanocellulose with raw material 
and find out the changes of nanocellulose under the 
oxidation/sonication fabrication process. 
Crystalline of 
nanocellulose 
XRD 
Compared the crystalline of nanocellulose with raw material and 
find out if the oxidation/sonication could damage the crystalline 
structure of cellulose. 
Thermal property of 
nanocellulose 
DSC Compared the thermal property of nanocellulose with raw material. 
 
In the characterization of nanocellulose, we employed seven analytical instruments to 
analyze nanocellulose and investigate (i) the size distribution and morphologies of 
nanocellulose; (ii) the chemical structure and crystalline of nanocellulose and (iii) the 
thermal property of nanocellulose. The aims for these characterizations with various 
instruments are summarized in Table. 4.2. The procedures of these analytical 
instruments are described as follows. 
 
4.2.2.1 NTA 
 
Nanoparticle tracking analysis (NTA) was performed using a digital microscope 
LM10 System (NanoSight, Salisbury, UK). 1 ml of the diluted sample (concentration 
0.001%) was introduced into the chamber by a syringe. The particles of nanocellulose 
in the sample were observed using the digital microscope. The video images of the 
movement of particles under Brownian motion were analyzed by the NTA version 1.3 
(B196) image analysis software (NanoSight Ltd, UK). Each video clip was captured 
for total 22 s. The detection threshold was fixed at 100, whereas the maximum 
particle jump and minimum track length were both set at 10 in the NTA software. 
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4.2.2.2 AFM 
 
The AFM was used to examine the surface of feature nanocellulose. A drop of the 
suspension was deposited onto freshly cleaved mica and left to dry in a desiccating 
capsule with silica gel for a period of 12 h. A Nanoscope IIIa microscope (Digital 
Instruments, Santabarbara CA, USA) with a multimode head was used for the 
measurements. Sample was imaged in tapping mode. Height images were recorded. 
High resolution images were obtained under the following conditions: a resonance 
frequency value of 155 kHz, 1 Hz scan rate and a spring constant of 12–103 N m–1. 
UTHSCSA ImageTool software (which is software for image processing and analysis) 
was then used to measure the size of nanocellulose. 
 
4.2.2.3 FEG-SEM 
 
About 50 ml nanocellulose suspension was dropped into petri dish (diameter 55 mm). 
Then, the suspension was dried in vacuum oven at 60 ºC. A thin nanocellulose film 
was obtained after drying. A small piece of the nanocellulose film was examined with 
a Zeiss Supra 35 VP field emission scanning electron microscopy (FEG-SEM). The 
test pieces were coated with a thin layer of platinum on the surface in an Edwards 
S150B sputter coater to provide electrical conductivity. Following coating, in order to 
obtain high resolution image, nanocellulose observations were performed under the 
following conditions: an acceleration voltage of 10 kV and the secondary electron 
mode with images collected digitally. UTHSCSA ImageTool software was then used 
to measure the size of nanocellulose. 
 
4.2.2.4 XPS 
 
XPS was performed using a VG Escalab 210 system with an aluminum anode (AlKα= 
1486.6 eV) operating at 150 W with a background pressure of 5×10
−9
 mbar. The 
low-resolution survey scans were taken with a 1 eV step and 50 eV analyzer pass 
energy; and high-resolution spectra were taken with a 0.1 eV step and 50 eV analyzer 
pass energy. The angle between X-ray beam and the surface normal was kept at 0 º 
and the depth of analysis was practically 10 nm. The atomic ratio of oxygen-to-carbon 
(O/C) was calculated from their normalized peak areas as: 
O
C
C
O
S
S
I
I
C
O
   (Eq. 4.1) 
where IO and IC are the normalized integrated area of the peaks for oxygen and carbon, 
respectively SC/SO is the corrected term for the sensitivity factor. 
 
4.2.2.5 ATR-FTIR 
 
About 50 ml nanocellulose suspension was dropped into petri dish (with the diameter 
of 55 mm). Then, the suspension was dried in vacuum oven at 60 ºC. A thin 
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nanocellulose film was obtained after drying. Test samples were taken randomly from 
the film and placed flat on the crystal surface. ATR-FTIR spectroscopy was performed 
on a PerkinElmer ATR-FTIR spectrometer equipped with 3× bounce diamond crystal 
and an incident angle of 45 º (to make sure that the wave can penetrate into the 
nanocellulose). A total of 16 scans (which can reduce the testing time without affect 
the accuracy of spectra) were accumulated for each spectrum. Spectra were recorded 
at a nominal resolution of 4 cm
-1
, and in order to reveal much more details the spectra 
were recorded in a full range (i.e. from 4000 to 650 cm
-1
). 
 
4.2.2.6 XRD 
 
Hemp yarn and nanocellulose were subjected to a powder X-ray diffraction method 
analysis (PXRD) respectively. For this analysis, a D8 advanced Bruker AXS 
diffractometer, Cu point focus source, graphite monochromator and 2D-area detector 
GADDS system were used. The diffracted intensity of CuKα radiation (wavelength of 
0.1542 nm) was recorded between 5° and 40° (2θ angle range, this is the normal range 
for natural fibre crystallinity analysis with XRD) at 40 kV and 40 mA. Samples were 
analyzed in transmission mode. The CI was evaluated by using Segal et al. empirical 
method [463] as follows: 
100
)(
%
002
002 


I
II
CI am   (Eq. 4.2) 
where I002 is the maximum intensity of diffraction of the (002) lattice peak at a 2θ 
angle of between 21° and 23°, which represents both crystalline and amorphous 
materials. Iam is the intensity of diffraction of the amorphous material, which is taken 
at a 2θ angle between 18° and 20° where the intensity is at a minimum. It should be 
noted that the crystallinity index is useful only on a comparison basis as it is used to 
indicate the order of crystallinity rather than the crystallinity of crystalline regions. 10 
replicates were used. 
 
4.2.2.7 DSC 
 
Differential scanning calorimetry (DSC) measurements were performed using a DSC 
6000 modulated differential scanning calorimeter from Pekin-Elmer. Samples (around 
6 mg, for this instrument the weight of sample between 5-10 mg was preferred [464]) 
was heated from 30 to 400 °C (in this chapter we focused on investigating the 
dehydration process of nanocellulose and the raw fibres, and the maximum 
temperature for this process was 400 °C) at a normal heating rate of 10 °C min
-1
 under 
nitrogen atmosphere (the purity is 99.9999%, and the gas input rate was 30 ml min
-1 
(which is the default value)). 
 
4.3 Results and discussion 
4.3.1 Size distribution and morphologies of nanocellulose 
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We selected three samples randomly for the NTA from the RSM experiment which 
have been described in chapter 3 to compare with the sample which was fabricated 
under the optimized conditions. The results of NTA are shown in Fig. 4.1. According 
to the NTA, the size range of nanocellulose for std5, std11, std21 and the optimized 
sample, respectively, is 31-281 nm, 38-278 nm, 29-321 nm and 23-405 nm 
respectively, and the average size of nanocellulose for std5, std11, std21 and 
optimized samples is 100 nm, 112 nm, 103 nm, and 104 nm respectively. Compared 
with the acid hydrolysis [269], nanocellulose fabricated by oxidation- sonication 
shows wider size range and higher average size. Nevertheless, the NTA results 
demonstrated that oxidation-sonication can also fabricate nano-scale cellulose. The 
yields of nanocellulose for std5, std11 and std21 as shown in Table 3.3 are 10.72%, 
34.31% and 42.02% respectively. Nanocellulose from optimized sample was further 
characterized by AFM (Fig. 4.2) and FEG-SEM (Fig. 4.3). AFM images of 
nanocellulose show a slight difference from FEG-SEM, as illustrated in Fig. 4.2, 
where not only particles can be observed in these images but also rod like of fibril can 
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Fig.4.1 Number size distribution from NTA video of nanocellulose (std5, std11, std21 and optimized sample). 
 
 
(a) 
 
(b) 
Fig. 4.2 AFM morphology of nanocellulose: (a) 3D image and (b) height image. 
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be found. This may be due to the difference of preparation of samples. Moreover, by 
using ImageTool software measure, we found that the average aspect ratio of 
nanocellulose was 4 which far less than that of acid method or mechanical method. 
According to FEG-SEM characterization (Fig. 4.3), the size of nanocellulose ranges 
from 45.45 to 168 nm.  
 
4.3.2 Chemical structure and crystalline of nanocellulose 
 
4.3.2.1 XPS analysis of nanocellulose 
 
X-ray photoelectron spectroscopy (XPS) is a quantitative spectroscopic technique that 
measures the elemental composition. It is a useful surface chemical analysis technique 
that can be used to analyze the surface chemistry of a material in its "as received" 
state. This powerful tool has been widely used to investigate natural fibres, cellulose 
and nanocellulose, which focuses on the chemical changes resulting from the surface 
modification [465-469]. A detailed analysis of the oxygen (O ls) peak is generally less 
useful. Thus, quantitative data on the surface chemical composition are mainly 
 
(b) 
 
(d) 
 
(c) 
 
(a) 
Fig. 4.3 FEG-SEM morphology of nanocellulose particles at different magnification: (a), ×40 000; (b), ×50 
000; (c), ×100 000; (d), ×150 000. 
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obtained from the O/C atomic ratio and the relative amount of each type of carbon (C 
1s). 
 
The wide scan XPS spectra of hemp yarn and nanocellulose are presented in Fig. 4.4. 
As expected, the main elements detected are carbon and oxygen. Using area 
sensitivity factors, the oxygen-to-carbon (O/C) atomic ratio was calculated as an 
initial indication of surface oxidation. As shown in the Fig. 4.4, the O/C atomic ratio 
of hemp yarn measured by XPS is 0.826, which is very close to the theoretical O/C 
value of 0.83 based on the formula of cellulose. It is interesting to note that oxidation/ 
sonication treatment leads to a significant increase in the O/C atomic ratio (1.017) 
which is due to the oxidation of cellulose during the process of hydrolysis. 
Additionally, chemical shifts for C 1s and O 1s can be observed in the XPS spectra. 
The binding energy for hemp yarn in C 1s and O 1s are 284.987 eV and 531.987 eV, 
respectively. Nevertheless, the binding energy of C 1s and O 1s shift to lower value, 
which are 284.855 eV and 531.855 eV respectively. This may be due to the increase 
of hydrogen bonding in the nanocellulose. 
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Fig. 4.4 XPS wide scans from hemp yarns and nanocellulose. 
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Fig. 4.5 C1s XPS spectra for hemp yarns (a) and for nanocellulose (b). 
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To obtain more detailed information, a high-resolution scan is conducted on the C 1s. 
The C1s XPS spectra shown in Fig. 4.4 for hemp yarn and nanocellulose are 
deconvoluted into four peaks in Fig. 4.5(a) and 4.5(b), respectively. In cellulosic 
materials, four categories of carbon bonds can be identified by XPS: C1 carbons 
bonded to other carbons or hydrogen (C–C, C–H); C2 carbons bonded to one oxygen 
atom (C–O); C3 carbons attached to two oxygen atoms or a carbonyl group (C=O, 
O–C–O) and C4 carbons from carboxyl groups (O-C=O) [470]. Fig. 4.5 shows two 
main differences between hemp yarn and nanocellulose. These differences can be 
described as follows:  
 
i. The binding energy is different, the binding energy of hemp yarn for C1, C2, C3 
and C4 are 285.176 eV, 286.756 eV, 288.026 eV and 289.386 eV, respectively; 
while for nanocellulose, these bonds binding energy have a slight decrease with 
the value being 284.869 eV, 285.862 eV, 287.202 eV and 288.647 eV 
respectively. This can be ascribed to the oxidation of hydroxyl in the cellulose 
chain, which results in the formation of carboxyl groups in the cellulose chain. 
The carboxyl groups can form hydrogen bonds which can reduce the binding 
energy of carbon bonds with the hydroxyl groups [471]. 
 
ii. Contribution of each carbon bond is different: the contribution of C1, C2, C3 
and C4 in hemp yarn are 35.76 %, 35.69 %, 18.99 %, 9.56 %, respectively; 
while for the nanocellulose, the contribution of C1, C2, C3 and C4 are 32.66 %, 
28.67 %, 18.73 %, 19.94 %. For nanocellulose, the significant decrease of C2 
(C-O) and significant increase of C4 (O-C=O) indicates that parts of the 
hydroxyl groups in cellulose chains are oxidized into carboxyl groups during the 
oxidation/sonication process. 
 
4.3.2.2 ATR-FTIR analysis nanocellulose 
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Fig. 4.6 ATR-FTIR spectra of hemp yarns and nanocellulose. 
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Fig. 4.6 shows the ATR-FTIR spectra of hemp yarns and nanocellulose fabricated 
with oxidation/sonication from 4000 to 650 cm
-1
. The peak positions of the major 
ATR-FIIR bands for both of them are summarized and compared in Table 4.3. The 
decreasing absorbance can be observed from the ATR-FTIR spectrum of 
nanocellulose. In order to investigate the position of oxidation in cellulose and 
confirm the removal of impurity, hemicellulose and lignin, three regions (region1, 
region 2 and region 3) in the spectra were discussed. 
 
Table 4. 3 Band characteristics of ATR-FTIR spectra related to hemp yarns and nanocellulose 
Wavenumber (cm-1) range of 
peak ∆υ 
(cm-1) 
Assignment Sources 
Hemp yarn Nanocellulose 
3336 3330 -6 OH stretching Cellulose, Hemicellulose [472, 473] 
2896 2892 -4 
C–H symmetrical 
stretching 
Cellulose, Hemicellulose [473, 474]         
1722 Disappear - C=O stretching vibration 
Pectin, Waxes, Hemicellulose 
[475-478] 
1645 1651 6 C=O stretching vibration Lignin [479]; Oxycellulose [480] 
1613 1623 10 
OH bending of absorbed 
water 
Water [481] 
1587 1598 - 
Aromatic skeletal 
vibrations (from hemp 
yarn); C=O stretching 
(from nanocellulose) 
Lignin [482, 483];  Oxycellulose 
[480] 
1508 Disappear - 
C=C aromatic symmetrical 
stretching 
Lignin [482, 483] 
1455 1449 -6 
OH plane deformation 
vibration 
Cellulose [484] 
1427 1428 1 
HCH and OCH in-plane 
bending vibration 
Cellulose [472, 473, 485-488] 
1368, 1361 1371, 1362 3, 1 In-the-plane CH bending 
Cellulose, Hemicellulose [473, 483, 
489]  
1335 1334 - 
S ring stretching (for hemp 
yarn); OH plane 
deformation vibration 
( from nanocellulose) 
Lignin [483, 490], Cellulose [484] 
1315 1315 0 
CH2 rocking vibration at 
C6 
Cellulose [131, 481, 486] 
1279 1281 2 CH2 deformation Cellulose, Hemicellulose [484] 
1248 1248 - 
C-C plus C-O plus C=O 
stretch; G condensed > 
Getherfied 
Lignin-carbohydrate Complex [479], 
Cellulose  [484] 
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Table 4.3 Continued 
1236 1235 -1 COH bending at C6 Cellulose [482, 486] 
1204 1202 -2 
C-O-C symmetric 
stretching, OH plane 
deformation 
Cellulose, Hemicellulose [481, 491]  
1159 1160 -1 
C-O-C asymmetrical 
stretching 
Cellulose, Hemicellulose 
[472, 481, 490] 
1105 1103 -2 
Ring asymmetric valence 
vibration 
Cellulose [484] 
1051 1053 2 
C-C, C-OH, C-H ring and 
side group vibrations 
Cellulose, Hemicellulose [481, 482, 
492] 
1028 1029 1 
C-C, C-OH, C-H ring and 
side group vibrations 
C-C, C-OH, C-H ring and side group 
vibrations [131, 481, 490, 492] 
999,984 998, disappear -1, - 
C-C, C-OH, C-H ring and 
side group vibrations 
Cellulose, Hemicellulose [131, 481] 
896 898 2 
COC,CCO and CCH 
deformation and stretching 
Cellulose [472, 481, 486, 488] 
696 696 0 Rocking vibration CH2 Cellulose [490] 
660 663 3 
C-OH out-of-plane 
bending 
Cellulose [473, 490] 
 
A hydrogen bond is the attractive interaction of a hydrogen atom with an 
electronegative atom, such as nitrogen, oxygen or fluorine, that comes from another 
molecule or chemical group [493]. It is well known that cellulose is a liner polymer of 
1-4 linked β-D-glucose. Hydroxyl groups in the C2, C3 and C6 of cellulose contribute 
to the formation of various kinds of inter- and intra-molecular hydrogen bonds. For 
cellulose, the intra-molecular hydrogen bonds include O(2)H---O(6) [494] 
O(3)H---O(5) [494, 495] and intermolecular hydrogen bond includes O(6)H---O(3`) 
[494-496] (see Fig. 4.7(a) and 4.7(b)). The IR spectra for the hydrogen bonds in 
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Fig. 4.7 Deconvolved ATR-FTIR spectra from 3620 to 2990 cm-1 for hemp yarns (a) nanocellulose (b). (Solid 
curves= experimental data; dashed curves=calculated data). 
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cellulose appears from 3500 cm
-1
 to 2990 cm
-1
 [495-497]. The IR absorption bands in 
region 1 in Fig. 4.6 for hemp yarn and nanocellulose were deconvolved into four 
bands for a curve fitting as shown in Fig. 4.7(a) and 4.7(b). We can conclude from Fig. 
4.7 that: (i) the peak position for the hydrogen bonds in nanocellulose shifted to lower 
wavenumber, excluded peak 1; and (ii) the peak intensity for each hydrogen bond in 
nanocellulose was higher than that in hemp yarn. Compared with hemp yarn, the 
value of absorbance increased 18.85 %, 33.21 %, 31.20% and 8.74%, respectively. It 
indicates the increase of hydrogen bonding in nanocellulose for both of inter- and 
intra-hydrogen bonds. This may be ascribed to the oxidation of hydroxyl in C2, C3 
and C6 on the chains of nanocellulose. Much more details in 1800 and 660 cm
-1
 for 
hemp yarn and nanocellulose are shown in Fig. 4.8(a) and 4.8(b). 
 
 
The disappearance of peak at 1722 cm
-1
 and 1508 cm
-1
 was observed in the spectrum 
of nanocellulose. This indicates that most of the hemicelluloses and lignin have been 
extracted during the hydrolysis process. The band at 1722 cm
-1 
assigned as the C=O 
stretching vibration which may be contributed from pectin, waxes, hemicellulose; and 
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Fig. 4.8 ATR-FTIR spectra of hemp yarns and nanocellulose from 1800 to 1180 cm-1 (a); and (b) to from 1180 
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the band at 1508 cm
-1
 is assigned as C=C aromatic symmetrical stretching which is 
contributed from lignin. Therefore, the disappearance of both bands indicates that 
most of the pectin, waxes, hemicelluloses and lignin are extracted during the 
hydrolysis process. The lower absorbance at 1315 cm
-1
 in nanocellulose has been 
observed in Fig. 4.8(a), which indicates that hydroxyl at C6 may be oxidized during 
the process of hydrolysis. This oxidation gave rise to an improvement of 
hydrophilicity of nanocellulose. It was observed in Fig. 4.8(b) that the peak band at 
984 cm
-1
 disappeared with the nanocellulose which may be ascribed to the loss of 
C-OH vibration. In order to better understand the difference between nanocellulose 
and its raw material, the region D1 and region D2 in Fig. 4.8 were deconvolved into 
three bands for a curve fitting as shown in Fig. 4.9(a) and 4.9(b), respectively. The 
deconvolution reveals that the three peaks for hemp yarns appear at 1645 cm
-1
, 1613 
cm
-1
 and 1587 cm
-1
. For nanocellulose, they appeared at 1651 cm
-1
, 1623 cm
-1
 and 
1598 cm
-1
. Generally, band at 1645 cm
-1
 is assigned as C=O stretching vibration, band 
at 1587 cm
-1
 is assigned as aromatic skeletal vibrations. For hemp yarn, both of them 
may be contributed from lignin, but for nanocellulose both of them may be 
contributed from C=O stretching. It should be noted that, similar phenomenon appears 
at 1335 cm
-1
. For hemp yarn, this band can be assigned as S ring stretching, but for 
nanocellulose it is assigned as OH plane deformation vibration. 
 
4.3.2.3 XRD analysis of nanocellulose 
 
In order to analyze the crystallinity of hemp yarns and nanocellulose, in this chapter, 
X-ray powder diffraction was carried out. The XRD spectra of hemp yarns and 
nanocellulose are given in Fig. 4.10. It can be seen from Fig. 4.10 that the major 
crystalline peak of the hemp yarn and nanocellulose occurred at 2θ=22.977° and 
2θ=22.846° respectively, which represents the cellulose crystallographic plane (002, 
Bragg reflection). The minimum intensity between 002 and 110 peaks (Iam) for hemp 
yarn and nanocellulose is at 2θ=18.8588° and 2θ=19.4458° respectively. The CI of 
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Fig. 4.10 X-ray diffractogram of hemp yarns and nanocellulose. 
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hemp yarn is 84.7 %. Other well-defined peaks present on the X-ray diffractogram of 
hemp yarn are at 2θ=15.2267°, 2θ=16.6667° and 2θ=34.6163°, while those of 
nanocellulose are at 2θ= 15.1809°, 2θ=16.4387°, and 2θ=34.5599, respectively. These 
reflections correspond with the ( 011 ), (101) and (004) crystallographic planes, 
respectively. The results of CI determined for hemp yarn and nanocellulose are given 
in Table 4.4 which shows the CI of hemp yarns and nanocellulose are 84.66 % and 
86.59 % respectively. For nanocellulose, the higher CI may be due to the removal of 
hemicellulose and lignin. Compared with the previous reports [266, 271], the increase 
of the CI for nanocellulose seems insignificant, but this result confirms that 
oxidation/sonication could be used to fabricate nano-scale cellulose without damage 
the crystalline structure of cellulose. 
 
Table 4. 4 Results of CI of hemp yarns and nanocellulose determined by XRD 
Samples 
2 θ ( ° ) Intensity (a.u) 
CI (%) 
Iam I002 Iam I002 
Hemp yarn 18.8588 22.977 1673 10909 84.66 
Nanocellulose 19.4458 22.846 4658 34748 86.59 
 
4.3.3 Thermal property of nanocellulose 
 
Cellulose can be classified as a polymer of moderate thermal stability. Thermal 
degradation of cellulose in a dry, inert atmosphere is considered to proceed mainly by 
two chemical processes: (i) splitting off of water along the cellulose chain forming 
dehydrocellulose and leading to occasional chain scission, but maintaining in 
principle the β-1,4-polysaccharide skeleton (25-400 °C); and (ii) pyrolytic 
fragmentation leading to aromatized entities and finally most probably to a highly 
crosslinked carbon skeleton (400-700 °C) [124]. During the dehydration process, 
cellulose undergoes three main processes: (i) evaporation of bound water (from room 
temperature to 150 °C); (ii) elimination of water on the chain of cellulose (from 150 
to 240 °C); and (3) the break of glucosidic bond (from 240 °C to 400 °C) [124].  
 
The present work employs DSC to investigate the thermal behaviour of nanocellulose 
by comparing with hemp yarn. The DSC results are recorded in Fig. 4.11. Hemp yarn, 
as shown in Fig. 4.11, shows two sharp endothermic peaks at 119.3 °C (which 
corresponding to the water evaporation), and 361.4 °C (which corresponding to the 
fusion of its crystalline part), respectively. However, compared with hemp yarn, the 
nanocellulose shows very different ways: the first peak is endothermic peak and 
appears at 124.9 °C, while the second peak is exothermic peak and appears at 
367.5 °C. It indicates that nanocellulose has lower carbonization temperature. This 
result is in agreement with the previous works [498, 499]. It has been reported that the 
activation energies of the degradation of nanocelluloses which were fabricated via 
sulphuric acid hydrolysis were significantly lower than raw material due to the 
introduction of sulfate groups via sulfuric acid hydrolysis [500]. Furthermore, the 
high surface area of nanocellulose might play an important role in diminishing their 
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thermostability due to the increased exposure surface area to heat [498] or the 
increase of active groups [501]. Moreover, the nanocellulose has been reported to 
function as efficient pathways for phonons, leading to their higher thermal 
conductivity [501]. The better thermal conductivity of nanocellulose might be 
ascribed to smaller phonon scattering in the bundle of crystallized cellulose chains in 
the nanocellulose than the amorphous random chains in cellulose powder 
.  
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Fig. 4.11 DSC curves of hemp yarn and nanocellulose. 
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4.4 Interim Conclusions 
 
This chapter systematically investigated the characterization of nanocellulose which 
was fabricated from hemp yarn with a novel fabrication method---oxidation/ 
sonication developed in this study. Three main characteristics of the 
oxidation/sonication fabricated nanocellulose, namely, size distribution and 
morphologies, chemical structure and crystalline, and thermal properties, were 
characterized with various analytical instruments. Outcomes of the study can be 
concluded as follows: 
 
(1) NTA results disclosed that oxidation/sonication method was able to fabricate 
nano-scale cellulose which was evidenced by the morphologies characterization with 
AFM and FEG-SEM. Morphologies analysis revealed that nanocellulose fabricated by 
oxidation/sonication had a low aspect ratio value (only 4) far less than that of acid 
method or mechanical method, 
 
(2) XPS results showed the main elements for both hemp yarns and cellulose were 
carbon and oxygen. The oxygen-to-carbon (O/C) atomic ratio which calculated from 
the XPS wide scan spectra of hemp yarns and nanocellulose were 0.826 and 1.017, 
respectively. This may be due to the oxidation of cellulose during the process of 
hydrolysis. Further analysis with deconvolution method in C1s identified the same 
four categories of carbon bonds for both of hemp yarns and nanocellulose. The 
binding energy and the contribution of these four bonds of nanocellulose displayed 
differences. These differences confirmed uniformly that hydroxyl groups in cellulose 
are oxidized into carboxyl groups during the oxidation/sonication process. The 
chemical structure of nanocellulose was further characterized by ATR-FTIR. 
ATR-FTIR results showed that parts of hydroxyl group in C2, C3 and C6 were during 
the process. XRD showed that the CI for hemp yarn and nanocellulose was 84.66 % 
and 86.59 %, respectively. The slight increase may be due to the removal of 
hemicellulose and lignin, but in the other hand, it indicated that oxidation/sonication 
was able to produce the nanocellulose without the damage of crystalline.  
 
(3) DSC results showed that nanocellulose had lower carbonization temperature and 
thermostability. 
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Chapter 5 Modification of Hemp Fibres with Nanocellulose 
 
5.1 Introduction 
 
Cellulose is one of the most abundant materials in the world. With an increase in 
environmental awareness in the past few decades, exploiting cellulose has arose much 
interest and become of importance. Natural fibres which are rich in cellulose have 
been attracting great attentions. Compared with glass fibre-based composites, natural 
fibre-based bio-composites display several excellent advantages, e.g. low density, 
renewability and low cost. Bio-composites made from natural fibres have been widely 
used for automotive materials [502] and building materials [503, 504], and many 
corresponding manufacturing technologies have been reported, such as for the 
production of composites [134, 222-224, 505] and for fibres extraction from bamboo 
[506], banana [507], coir [508], flax [509], hemp [510], jute [511], kenaf [512], ramie 
[513], sisal [514] and wood [515]. However, these natural fibres display their 
drawbacks (e.g. high polarity and hydrophilicity) which make the natural fibres 
poorly compatible with polymer and result in loss of mechanical properties of natural 
fibre based materials upon their atmospheric moisture adsorption [516]. Various 
treatments (e.g. physical treatments, chemical treatments, biological treatments) on 
the natural fibres have been investigated widely by researcher.  
 
New technologies (e.g. nanotechnology, biological technology) have also recently 
been employed by researchers to modify natural fibres and the treatment technique 
can be grouped into three approaches, namely, (1) soaking; (2) layer-by-layer 
deposition and (3) sonochemical deposition. These approaches were mainly 
developed to immobilize nanoparticles on the surface of natural fibres which were 
used for textile in the finishing process. The nanotechnology-based finish techniques 
give rise to new properties, e.g. anti-bacteria [517-519], self-cleaning [520-522], 
water repellent [523-525] and UV light blocking [197, 526, 527] to the natural fibres 
and enhance the performance of final clothing product. In 2006, Gulati et al [528] for 
the first time employed the biological technology to modify natural fibres. The hemp 
fibres treated with fungus Ophiostoma ulmi showed the improved acid–base 
characteristics and resistance to moisture. Furthermore, the flexural strength and 
flexural modulus of the modified hemp fibres-polyester composites were improved by 
21 % and 12 %, respectively. Bismarch et al [529, 530] used the bacteria 
Gluconacetobacter xylinus strain BPR 2001 to modify natural fibres (hemp fibres and 
sisal fibres). By using biological technology, the nanosized bacterial cellulose has 
been deposited around natural fibres, and such the adhesion of fibres to renewable 
polymers improved. 
 
In this chapter, we firstly aim to characterize of natural fibres (hemp) with systematic 
method. Secondly, we will employ FTIR to study the deformations in the fibres. 
Thirdly, we will employ the nanotechnology to modify natural hemp fibres. The 
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nanocellulose fabricated by oxidation/sonication will be used as “coupling agent” to 
treat the natural fibres. Much attention will be paid to the mechanical properties and 
interfacial properties of the modified natural fibres. Energy dispersive X-ray (EDX), 
FEG-SEM and XRD are used to study the mechanism of tensile strength increase of 
the fibres with nanocellulose modification. XPS and ATR-FTIR will be used to 
investigate the surface properties of natural fibres coated with unsaturated polyester 
with the aim to study the mechanism of interface structure and improvement upon 
nanocellulose modification. 
 
5.2 Materials and Methods 
 
5.2.1 Materials 
 
Hemp yarns were obtained from Shanxi Greenland Textile Ltd. Hemp fibres were 
supplied by a Hemp Farm & Fibre Company Ltd, UK. Dodecyltrimethylammonium 
bromide (DTAB), ethylene diamine tetraacetic acid (EDTA), copper nitrate (II), cobalt 
chloride (II), sodium hydroxide, sodium hypochlorite and sodium sulfide were 
supplied by Sigma-Aldrich. Unsaturated polyester was obtained from CFS Ltd. The 
cement was provided by HMG Plaints Ltd. 
 
5.2.2 Microfibril angle (MFA) measurement 
 
Hemp fibres (0.1 g) were placed into two beakers which contained 100 ml copper 
nitrate (II) and cobalt chloride (II) solution (5%, wt/vol), respectively. These beaker 
containers were placed into ultrasonic bath and treated at 80 °C for 2h without 
ultrasonic treatment at first. They were then treated with ultrasonic treatment at the 
some temperature for 2h. The treated hemp fibres were then finally washed with 
distilled water. Photomicrographs were obtained by using BX51 Reflected Light 
Microscope equipped with a CAM-XC50-5MP cooled CCD camera, then used 
UTHSCSA ImageTool software to measure the microfibril angle of S1 and S2 layers. 
50 test pieces were used. The MFA on the fracture part of hemp fibres was firstly 
objected with optical microscopy (OM); UTHSCSA ImageTool software was then 
used to measure the MFA. 
 
5.2.3 DTAB-Nanocellulose modification 
 
As one kind of cationic surfactant, dodecyltrimethylammonium bromide (DTAB) is 
always used as in dyeing baths as solubilizer for anionic dye [531, 532], because this 
surfactant can be adsorbed by cellulose due to the hydration [533] and form ion pair 
with anionic dye by coulomb attraction [534]. Recently, Blomstedt et al [535] 
employed DTAB and carboxymethyl cellulose (CMC) to modify softwood pulp and 
found that this treatment markedly increased the internal and tensile strengths of the 
handsheets. Cellulose like CMC is a polysaccharide made of monomeric glucose 
residues connected by β(1-4)glycosidic linkages [536]. Moreover, the surface of 
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nanocellulose exhibits high density of hydroxyl groups [69], when nanocellulose 
dispersed in the water which result in the much more negative charge on the 
nanocellulose surface than CMC. Therefore, in this chapter, we employed DTAB to 
pretreat hemp fibres. This pretreatment introduced the cation into the surface of hemp 
fibres. Then we used nanocellulose to modify the pretreated hemp fibres. This 
modification was carried out in two steps:  
 
(i) DTAB pretreatment 
 
The cationization of fibres process always carried out under alkaline condition with a 
little amount cationic reagent [537]. In order to investigate the effect of pH value of 
solution and the dosage of DTAB, the DTAB pretreatments were designed as Table 
5.1. 
 
Table 5. 1 Experimental levels of the independent variables 
Experiments pH Dosage of DTAB (%) 
D1 10 0.05 
D2 10 0.1 
D3 10 0.15 
D4 11 0.05 
D5 11 0.1 
D6 11 0.15 
D7 12 0.05 
D8 12 0.1 
D9 12 0.15 
 
Hemp fibres (1 g) were soaked in beaker (50 ml) which contained 30 ml DTAB 
solution with various dosages of DTAB (0.05 %, 0.1 % and 0.15 % (on the weight of 
dried fibres)) under various pH values (10, 11 and 12). The beaker was then loosely 
covered with a glass and supported in an ultrasonic bath at 60 ºC for 1 hour (this 
condition suitable for the natural fibre treatment under alkaline condition [535]). Then 
the hemp fibres were wished with distilled water.  
 
(ii) Nanocellulose modification 
 
After DTAB pretreatments, the modified hemp fibres (P1) were soaked in beaker (30 
ml) which contained 2 % nanocellulose suspension at 25 ºC for 10 min. Then, the 
nanocellulose modified hemp fibres were dried with vacuum oven at 70 ºC for 24h. 
Then, the dried fibres were conditioned at 20±2 °C and 65±2 % relative humidity 
before testing.  
 
5.2.4 Tensile test 
 
Each conditioned individual fibre (from M2) was temporarily fixed on the mounting 
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card (Fig. 5.1(a)) by adhesive tape. Then a droplet of cement (HMG Plaint Ltd) was 
applied on the edge of both sides of the hole along the length of card. The whole 
set-up was then fixed on Instron 5566 for tensile strength testing. The mounting card 
was cut along the line as shown in Fig. 5.1(b). Finally, run Intron (the crosshead speed 
was of 3 mm min
-1
). About 20 samples from untreatment, DTAB pretreatment and 
two-step modification were tested respectively. 
 
5.2.5 EDX analysis 
 
In order to investigate the effect of deformation on the two-step modification, we 
design an experiment base on the EDX technique. EDX is a useful analytical 
technique to analyze the material surface by element analysis [538]. In the two-step 
modification, we use DTAB to pretreat hemp fibres. Obviously, the absorption of 
cationic reagent on the fibres will in favour of the absorption of anionic nanocellulose 
on the fibre. Nanocellulose has high mechanical properties [444] and high density of 
hydroxyl groups [69], therefore, the more nanocellulose absorbed on the hemp fibres, 
the stronger hemp fibres will be obtained. The same element between the hemp fibres 
and DTAB is carbon, but the carbon ratios in both of them are different. As we know, 
the linear formula of DTAB is CH3(CH2)11N(CH3)3Br [539]; the molecular weight of 
DTAB is 308.34 [539]; and the atomic weight of carbon is 12.011 [540]. Therefore in 
the DTAB, the carbon ratio (by weight) is 58.43 %. The average carbon ratios which 
are determined by EDX in the deformations and without deformation region in R2 are 
49.43 % and 48.88 %, respectively. The absorption ratios of DTAB on the region 
without deformations and with deformation were evaluated by Eqs. 5.1 and 5.2, 
respectively: 
88.4843.58
88.48


 udud
C
A    (Eq. 5.1) 
                     
43.4943.58
43.49


 dd
C
A     (Eq. 5.2) 
 
Fig. 5.1 Set-up of single fibre test: (a) specimen mounting card (dimensions in mm); (b) test specimen 
mounted on the mounting card. 
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where Aud is the absorption ratio of DTAB in the region without deformations, Cud is 
the carbon ratio in the region without deformations; Ad is the absorption ratio of 
DTAB in the region with deformations, and Cd is the carbon ratio in the region with 
deformations. 
 
The EDX were performed with Zeiss Supra 35 VP FEG-SEM which was coupled to 
an EDX INCA 400 system (Oxford Instruments GmbH, UK). The fibre was firstly 
observed with FEG-SEM. Then the surfaces of sample in the region of deformation or 
without deformation were selected for element measure respectively. The acceleration 
voltages for EDX measurement was 7 KV which was in the recommended range of 5 
to 10 kV for analysis. For quantitative element analyses, the recorded EDX results 
were analyzed by using Oxford INCA Version 4.02. 
 
5.2.6 Resin adsorption measurements 
 
Unsaturated polyester which was ordered from CFS Ltd was diluted with styrene until 
the volatile content was 95%. Then, hemp fibres (0.5 mg) with various treatments 
(without modification; DTAB pretreatment; two-step modification) were respectively 
immersed in 20 ml of diluted unsaturated polyester in a glass bottle. 2 % (on the 
weight of polyester) of catalyst was then added to the bottle. After degassing with 
ultrasonic bath for 5 min, the temperature was raised from 25 ºC to 80 ºC. These 
compounds were treated for 15 min at 80 ºC. After cooling, the fibres were washed 
with distilled water. Finally, the fibres were dried with vacuum oven at 60 ºC for 24h. 
 
In addition, the ATR-FTIR, FEG-SEM, XPS and XRD analysis were carried out as 
described in 4.2.2 Characterization of nanocellulose. Application of these analyses 
and the OM characterization in this chapter are summarized in Table 5.2. 
 
Table 5. 2 Summary of analytical instruments and the corresponding characterization 
Analytical instrument Characterization 
ATR-FTIR 
(i) Crystallinity determination, chemical compositions determination of deformation of 
hemp fibres; (ii) Interfacial property analysis of hemp fibres without and with 
modification. 
FEG-SEM Surface morphologies characterization of hemp fibres without and with modification. 
OM 
(i) Characterization of deformation of hemp fibres; (ii) Characterization of fracture of 
hemp fibres. 
XPS Interfacial property analysis of hemp fibres without and with modification. 
XRD Crystallinity determination of hemp fibres without and with modification. 
 
5.3 Results and Discussion 
 
5.3.1 Characteristic and performance of hemp fibres 
 
5.3.1.1 Microfibril angle (MFA) of hemp fibres 
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It has been reported that the MFA of wood fibres can be determined by optical 
microscope, e.g. Wang et al [541] used both copper (II) nitrate and cobalt (II) chloride 
solutions combining ulstrasonication to treat wood fibres, then they employed optical 
microscope to measure the MFA of wood fibres. In our experimentals, we found that 
the orientations of MFA in the samples treated with the copper (II) nitrate chloride 
solution were much more distinctive than those with the cobalt (II) chloride solution 
treatment. An example of microfibril orientations in S1 and S2 layers observed under 
light microscope at 1000× magnification is given in Fig. 5.2(a) and 5.2(b). It was 
found that, microfibrils in S1 layer have S-helical orientation (Fig. 5.2(a)); while in S2 
layer have Z-helical orientation (Fig. 5.2(b)). These results agree well with the 
previous work which had been conducted by Thygesen [49]. The results of MFA 
measurement are summarized in Table 5.3. As shown in Table 5.3, the average MFA 
in S1 layer is 80.35°, which is in good agreement with the results of previous workers 
[542] who found the average angle in S1 layer was 70-90º. The average MFA in S2 
inner layer is 2.65°, which is smaller than 4° measured previously by Fink [543] 
which may be due partly to the different hemp fibres from different geographical 
sources.  
 
Table 5. 3 MFA of S1 layer and inner part of S2 layer 
Layer MFA (°) C.V. of MFA (%) 
S1 80.35 3.05 
S2 inner 2.65 16.49 
 
5.3.1.2 Forms of deformation of hemp fibres 
 
There exist a great number of definitions on fibre deformations. In natural 
lignocellulosic fibres, deformations have been called kink, nodes, dislocations, slip 
planes etc. [544]. But in other papers, these forms of deformation were also defined as 
defects [545, 546]. In this study, we defined these forms as deformation. 
Deformations appear when there is a change in microfibril direction and a distorsion 
 
(a) 
 
(b) 
Fig. 5.2 Microfibril angle of hemp fibre: MFA in S1 layer (a); MFA in S2 layer (b). 
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of the fibrils [544]. These occur during plant growth [547] or the post treatment of 
fibres [544]. Deformations not only result in a decrease in the tensile strength of 
single fibre [27], but also affect the strength of paper [548] and fibre-based 
composites [547]. The results of numerous examinations (1000 test pieces) of hemp 
fibres can be cataloged into four forms of deformation from hemp fibres (Fig. 5.3). 
The characteristic of each form deformation are as follows: (a) kink bands, formed in 
the fibres as a result of axial curing stresses; (b) nodes, formed in the regions of 
localized delamination and compressive strain; (c) dislocations, appeared in untreated 
natural fibre; and (d) slip planes, crinkled in the cell wall resulting from a slight linear 
displacement of the wall lamellae.  
 
5.3.1.3 Breaking process 
 
Fig. 5.4(a) and 5.4(b) illustrate the initial and final fracture of an elementary hemp 
fibre. It can be found from Fig. 5.4(a) that the initial crack of hemp fibres starts from 
the primary cell wall. This may be due to the fact that the primary cell wall contains a 
large fraction of amorphous pectin, hemicelluloses and lignin, and these materials 
could result in the decrease of mechanical properties of fibres [2, 549, 550]. Generally, 
cell wall of hemp contains primary and secondary cell wall [3], and the secondary cell 
 
(a) 
 
(b) 
 
(c) 
 
(d) 
Fig. 5.3 Deformation of hemp fibre: (a) kink band (x 500 magnification), (b) node (x 500 magnification), (c) 
dislocation (x 500 magnification), (d) slip plane (x200 magnification). 
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wall consists of highly crystalline (CI 70 %) [49]. The crack would proceed into the 
secondary cell wall which forms the major part of hemp fibre. The secondary cell wall 
of hemp is composed of a thin S1 layer and a thick S2 layer, and the S2 layer contains 
outer and inner part [49]. As described above, the MFA in S1 layer is 80.35°, the MFA 
in the inner part of S2 layer is 2.65
o
. The MFA in the outer part of S2 layer ranges 
from 23° to 30° [49]. The microfibril angle can strongly influence mechanical 
properties of fibres, such as tensile strength and modulus [35], which decrease with 
MFA increases. Therefore, the breaking process in secondary wall of hemp fibres is 
from S1 layer to outer part of S2 layer to inner part of S2 layer. 
 
Fig. 5.4(b) shows the fractography of hemp fibre. The microfibril can be observed 
clearly in the fracture surface of hemp fibres. The MFA in the S2 layer at fracture 
point was measured and their mean value was 6.16° with respect to the fibre axis. 
Compared with the MFA in the S2 layer without fracture, the higher MFA indicates 
that the fractures of hemp fibres under tensile loading tend to appear in the 
deformation points of fibres. This confirms that deformation is the weak link point of 
fibres.  
5.3.2 Deformations of hemp fibres 
5.3.2.1 Morphologies of deformation 
The morphologies of deformations observed by OM and FEG-SEM are given in Fig. 
5.5(a) and 5.5(b). The fracture within deformation regions and that without 
deformations are also showed in Fig. 5.5(c) and 5.5(d) respectively. It is evident that 
OM could not provide the detailed features of the deformation except the black color 
around the surface of the fibres (Fig. 5.5(a)). However, the method is able to identify 
the deformation easily and quickly.  
 
The results from FEG-SEM shows that overall the surface of deformations of hemp 
 
(a) 
 
(b) 
Fig. 5.4 Breaking process under tension: initial crack (a) and fracture (b) of hemp fibre. 
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fibres looks more amorphous than that of hemp fibres without deformations (Fig. 
5.5(b)). This may be due to the loss of hemicelluloses or lignin, which could combine 
fibrils together, after beating, mechanical treatment or other effects (e.g. acidic 
exposures). It is also evident that the fibrils distort in the deformation regions, which 
could affect the stiffness and stress of fibres with the stiffness and stress decreasing 
with the increase of deformation angle. Fig. 5.5(c) and 5.5(d) compare different 
fractures within deformation regions and that without deformation, showing different 
fracture behavior with a form of fibrillar break in deformation regions and a form of 
granular break in the other regions. 
 
5.3.2.2 Crystallinity index of deformation 
 
Because the XRD measurement needs a lot of samples, it is very difficult to collect 
the samples from the deformation regions in hemp fibres to meet the requirement of 
XRD measurement. Therefore, in this chapter, we employed FTIR to determine the CI 
of hemp fibres in deformations. For the FTIR evaluation, three ratios of absorbance at 
1423 cm
-1
 and 895 cm
-1
, 1368 cm
-1
 and 2883 cm
-1
 or 1368 cm
-1
 and 662 cm
-1
 are 
always used to measure CI [52, 551-553]. In order to select the best ratio of 
 
Fig. 5.5 Deformation of hemp fibres (a) by OM (x 50 magnification), (b) by FEG-SEM (x 1500 
magnification), (c) the fracture within deformation regions (x 500 magnification) and (d) without deformation 
(x 500 magnification)  
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absorbance to evaluate hemp fibres, we employed XRD and FTIR to determine CI of 
hemp fibres without deformation at first. Then, by comparing the CI values calculated 
from these three ratios of absorbance with that of XRD calculation, the closest one 
was selected. XRD spectrum for hemp fibres without deformation is given in Fig. 5.6. 
The results of CI determined for hemp fibres both with and without deformations are 
given in Table 5.4. In this study, the ratio of absorption band A1368/A2883 is above 1 
which seems to be unsuitable for evaluation, while the ratios of absorption band 
A1423/A895 and A1368/A662 are 72.6 % and 48.4 % respectively. The value calculated by 
using Segal empirical method is 56.0 %, indicating that the ratio of absorption band 
A1368/A662 is more suitable for CI evaluation. Table 5.4 shows that the CI which was 
calculated by FTIR method in deformation regions is only 41.3 %, which is lower 
than that of without deformation region of hemp fibres. According to the two-phase 
model theory [554], there exist two regions in cellulose chain, namely amorphous and 
crystalline regions. The higher CI in the hemp fibres without deformation indicates 
that there exist a higher content of crystalline regions in the hemp without 
deformation than in deformation regions.  
 
Table 5. 4 Results of CI of hemp fibres determined by XRD and FTIR 
 
Without 
deformation 
(XRD testing) 
Without deformation 
(FTIR testing) 
 Deformation regions            
(FTIR testing) 
2θ (°) 
Intensity  
(a.u) 
Wavenumber 
(cm-1) 
Absorbanc
e 
Wavenumber 
(cm-1) 
Absorbance 
19.11 (I am) 1822 662 0.1286 663 0.1131 
22.63 (I 002) 4144 1368 0.0621 1367 0.0467 
CI (%) 56.0 48.4 (c.v. 2.6%) 41.3 (c.v. 9.1%) 
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Fig. 5.6 X-ray diffractogram of hemp fibres without deformation. 
 87 
5.3.2.3 Hydrogen bonds of cellulose in deformations 
 
Fig. 5.7 shows the FTIR spectra of hemp fibres with and without deformation regions. 
The peak positions of the major IR bands for both situations are summarized and 
compared in Table 5.5. It can be seen in Fig. 5.7 that the absorbance of hemp fibres 
without deformations in the X-H (O-H and C-H) stretching region is much higher 
than that with deformations (Fig. 5.7).  
 
The IR absorption bands for OH stretching region (Region 1 in Fig. 5.7) in without 
deformation and deformation regions were deconvolved into four bands for a curve 
fitting as shown in Fig. 5.8(a) and 5.8(b). The peak positions of the four bands for 
hemp fibres with and without deformations are summarized in Table 5.3. The bands 
are 3450 cm
-1
 (1), 3346 cm
-1
 (2), 3262 cm
-1
 (3) and 3161 cm
-1
 (4) for the hemp 
without deformations, and 3451 cm
-1
 (1), 3350 cm
-1
 (2), 3264 cm
-1
 (3) and 3167 cm
-1
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Fig. 5.7 FTIR spectra of hemp fibres without deformation and deformatiton regions. 
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    Fig. 5.8 Deconvolved FTIR spectra of the υOH region of hemp without deformation (a) and with deformation 
regions (b). (Solid curves= experimental data; dashed curves= calculated data).  
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(4) for the deformation regions. These bands are related to the valence vibration of 
hydrogen bonded OH groups [555], i.e. band 1 relating the intramolecular hydrogen 
bond of O(2)H---O(6), band 2 to the intramolecular hydrogen bond of O(3)H---O(5), 
band 3 relating the intermolecular hydrogen bond of O(6)H---O(3`) and band 4 
relating the O-H stretching respectively. It can be seen that the wave-numbers of peak 
position of deformations are higher than those of hemp fibre without deformation. 
This indicates that the degree of hydrogen bonding in deformation regions is lesser 
than that in without deformation regions.  
 
Furthermore, it can be seen from Fig. 5.8(a) and 5.8(b) that the absorbance of these 
bands in the deformation regions is much lower than that in the regions without 
deformations. The absorbance of the deformation regions is only about 79.3 % for 
band 1, 64.4 % for band 2, 64.9 % for band 3 and 75.7 % for band 4 respectively 
against that of hemp without deformations. These mean that the number of hydrogen 
bonds in deformations is lower than in parts without deformations according to 
Beer-Lambert law. For example, the big decrease of absorbance in band 2 which is 
assigned to the intramolecular hydrogen bond of O(3)H---O(5) indicates that in 
deformation regions the cellulose molecular chains are more flexible than that in the 
hemp without deformation. The formation of inter- and intra-molecular hydrogen 
bonds in cellulose not only has a strong influence on the physical properties of 
cellulose (including solubility [556, 557], hydroxyl reactivity [558, 559], and 
crystallinity [560, 561], but also plays an important role in the mechanical properties 
of cellulose [444]. The strain energy, calculated by Tashiro et al [323], was found 
mainly being distributed to the deformation of the glucose rings (about 30.0 %), the 
bending of the ether linkages connecting the adjacent rings (about 20.0 %) and the 
O(3)H---O(5) hydrogen bond (about 20.0 %). This comes to a conclusion that the 
weaker inter- and intra-molecular hydrogen bonding in the deformations may be the 
main cause that induces the decrease of tensile strength in the hemp fibres, especially 
the intra-molecular hydrogen bond of O(3)H---O(5). 
 
Table 5. 5 Band characteristics of FTIR spectra related to regions without and with deformation 
Wavenumber (cm-1) 
range of peak 
∆υ(cm-1) Assignment Sources 
Without 
deformation 
Deformation 
regions  
3327 3332 5 OH stretching 
Cellulose, Hemicellulose 
[472, 473] 
2883 2882 -1 C–H symmetrical stretching 
Cellulose, Hemicellulose 
[473, 474] 
1724 1724 0 C=O stretching vibration 
Pectin, Waxes, 
Hemicellulose [475-478] 
1623 1624 1 OH bending of absorbed water Water [481] 
1506 disappear - 
C=C aromatic symmetrical 
stretching 
Lignin [482, 483] 
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Table 5.5 Continued 
1423 1423 0 
HCH and OCH in-plane 
bending vibration 
Cellulose [472, 473, 
485-488] 
1368, 1363 1367,1363 -1,0 In-the-plane CH bending 
Cellulose, Hemicellulose 
[473, 483, 489] 
1325 1325 0 S ring stretching Lignin [483, 562] 
1314 1313 -1 CH2 rocking vibration at C6 Cellulose [131, 481, 486] 
1259 1261 1 G ring stretching Lignin [483, 562] 
1245 1244 -1 
C-C plus C-O plus C=O 
stretch; G condensed > G 
etherified 
Lignin-carbohydrate 
Complex [479] 
1232 1231 -1 COH bending at C6 Cellulose [482, 486] 
1204 1199 -5 
C-O-C symmetric stretching, 
OH plane deformation 
Cellulose, Hemicellulose 
[481, 482]  
1152 1156 4 
C-O-C asymmetrical 
stretching 
Cellulose, Hemicellulose 
[472, 481, 490] 
1046 1043 -3 
C-C, C-OH, C-H ring and side 
group vibrations 
Cellulose, Hemicellulose 
[481, 482, 492] 
1020 1018 -2 
C-C, C-OH, C-H ring and side 
group vibrations 
Cellulose, Hemicellulose 
[131, 481, 490, 492] 
994 996 2 
C-C, C-OH, C-H ring and side 
group vibrations 
Cellulose, Hemicellulose 
[131, 481] 
895 894 -1 
COC,CCO and CCH 
deformation and stretching 
Cellulose [472, 481, 486, 
488, 490] 
662 663 1 C-OH out-of-plane bending Cellulose [473, 491] 
 
Table 5. 6 Hydrogen bonds characteristics of FTIR spectra related to without and with deformation 
Wavenumber (cm-1) range of peak 
∆υ(cm-1) Assignment Without 
deformation 
Deformation 
regions 
3450 3451 1 O(2)H---O(6) intramolecular in cellulose [497] 
3346 3350 4 
O(3)H---O(5) intramolecular in cellulose [495, 
497] 
3262 3264 2 
O(6)H---O(3`) intermolecular in cellulose 
[495-497] 
3161 3167 6 O-H stretching [563] 
 
5.3.2.4 Hemicellulose and lignin in deformations 
 
A scrutiny of the IR spectra from 1370 cm
-1
 to 1330 cm
-1
 shows that the band at 1368 
cm
-1
 and 1363 cm
-1 
almost disappear in deformation regions (Fig. 5.9a). The bands at 
1368 cm
-1
 and 1363 cm
-1 
assigned as the in-plane CH bending may be from 
hemicellulose or cellulose. The near disappearance of bands of 1368 cm
-1
 and 1363 
cm
-1 
may be probably due to the removal of the hemicelluloses in deformation regions. 
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Hemicelluloses can form a linkage between cellulose and lignin, permitting the 
effective transfer of shear stress between cellulose microfibrils and the lignin [71]. 
Hemicellulose also can form lignin-carbohydrate complex with lignin by ether bonds 
[72]. The removal of hemicelluloses in deformation regions may cause the decrease of 
transfer of shear stress under tensile loading and loss of lignin as well. Fig. 5.9(b)   
shows the FTIR spectra of hemp fibres with and without deformations from 1330 cm
-1
 
to 1215 cm
-1
. It must be noted that the S ring stretching, CH2 rocking at C6 in 
cellulose, G ring stretching, C-C plus C-O plus C=O stretch and COH bending at C6 
in cellulose could normally be seen in bands at 1325, 1314, 1259, 1245 and 1232 cm
-1
 
respectively for the hemp fibres without deformation. Due to overlapping of the bands, 
only two peaks can be seen in Fig. 5.9(b).  
 
The deconvolved FTIR spectra in Fig. 5.9(b) are shown in Fig. 5.10(a) (without 
deformation) and 5.10b (deformation regions). Lignins are composed of three basic 
units, namely p-hydroxyphenyl (H), guaiacyl (G) and syringyl (S) [50]. Guaiacyl (G) 
and syringyl (S) are the main units of lignin, but the ratio of S/G varies from one to 
another plant. It was reported recently by del Río et al. [52] that S/G values calculated 
upon FTIR were in agreement with those calculated upon Py-GC/MS at the bands of 
1271 cm
-1
 and 1327 cm
-1
 respectively. However, in this study, the bands at 1271 cm
-1
 
and 1327 cm
-1
 assigned as G ring stretching and S ring stretching respectively were 
found shifted to lower wavenumbers. For the hemp fibres without deformations (Fig. 
5.10(a)), the G ring and S ring stretching appear at the bands of 1259 cm
-1
 and 1325 
cm
-1
, for the deformation regions, they appear in the wavenumbers of 1261 cm
-1
 and 
1325 cm
-1
 (Fig. 5.10(b)). The ratio of S/G in hemp plant was reported as about 0.8 
(molar contents of G-lignin is 51.0 %, molar contents of S-lignin is 40.0 %) [52], but 
in this study, the ratio of S/G is 1.1 for the hemp fibre without deformations and 0.9 
for the deformation regions. According to the investigation carried out by Love et al. 
[73], syringyl-rich areas of the lignin network were more rigid than guaiacyl-rich 
areas. It could therefore be concluded that the lignin network in the parts without 
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Fig. 5.9 FTIR spectra of hemp fibres from 1370 cm-1 to 1330 cm-1(a); from 1330 cm-1 to 1215 cm-1 (b) with 
and without deformation.  
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deformations would be more rigid than that in deformation regions. The lower 
absorbance in deformations means that part of the lignin was removed from 
deformation regions. It can such be concluded from this study that the cellulose 
content in deformations would be higher than that in hemp fibres without 
deformations. 
 
5.3.3 DTAB-Nanocellulose modification 
 
5.3.3.1 Mechanical properties of DTAB-nanocellulose modified natural fibres 
 
Table 5. 7 Mechanical properties of unmodified, DTAB pretreatment and two-step modified hemp fibres 
 
Mechanical properties of hemp fibres with various treatments were summarized in 
Table 5.7. As shown in Table 5.7, the two-step (DTAB-nanocellulose) modification 
increases the mechanical properties of hemp fibres significantly. By comparing with 
un-modification, DTAB pretreatment increases the modulus, tensile stress and tensile 
Experiments 
Diameter 
(μm) 
C.V of diameter 
(%) 
Modulus  
(GPa) 
Tensile stress 
(MPa) 
Tensile 
strain (%) 
Unmodified 46.76  17.43  28.29  696.68  2.29  
DTAB (pH11, 0.1%) 45.10  10.66  29.83  735.29  2.47  
D1 (pH10, DTAB 0.05%) 57.28  12.12  39.98  917.76  3.09  
D2 (pH10, DTAB 0.1 %) 53.27  15.65  39.10  1060.39  3.33  
D3 (pH10, DTAB 0.15 %) 55.05  16.50  36.34  994.93  3.39  
D4 (pH11, DTAB 0.05 %) 54.50  14.48  38.88  1087.94  3.54  
D5 (pH11, DTAB 0.1 %) 51.39  14.70  38.51  1203.85  3.84  
D6 (pH11, DTAB 0.15 %) 53.97  13.00  44.99  1124.20  3.06  
D7 (pH12, DTAB 0.05 %) 52.78  17.00  32.21  934.22  3.27  
D8 (pH12, DTAB 0.1 %) 50.13  18.99  37.79  1190.39  3.62  
D9(pH12, DTAB 0.15 %) 50.17  16.74  33.01  1006.93  3.43  
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Fig.5.10 Deconvolved FTIR spectra from 1330 to 1215 cm-1 of without deformation (a) and with deformation 
regions (b).  (Solid curves= experimental data; dashed curves= calculated data). 
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strain of hemp fibres by 5.44 %, 5.54 % and 7.86 % respectively; and the two-step 
treatment, under the condition pH 11 and dosage of DTAB 0.1 %, can increase the 
modulus, tensile stress and tensile strain of hemp fibres are increased by 36.13 %, 
72.80 % and 67.69 % respectively. This indicates that the two-step modification can 
increase the mechanical properties of hemp fibres significantly. Compared with the 
previous works which used alkalization [564] or grafting [565] modification, this 
two-step modification still displays more significant reinforcement on the mechanical 
properties of natural fibres. As deformation is the weakest link in natural fibres 
[565-567], the increase of mechanical properties may be due to the “repair” of 
deformation in the fibres. In order to reveal the reinforcement mechanism, we 
employed three analytical instruments: (i) EDX; (ii) FEG-SEM and (iii) XRD. These 
results will be discussed in sections 5.3.3.1.1, 5.3.3.1.2 and 5.3.3.1.3 respectively. 
 
Moreover, it can be found from Table 5.7 that pH of the solution and the dosage of 
DTAB also play main roles on the improvement of the mechanical properties of hemp 
fibres. The modulus of fibres does not display any correlation with the pH value of 
solution and the dosage of DTAB, but the tensile stress and tensile strain of fibres 
display strong correlation with the pH value of solution and the dosage of DTAB. As 
shown in Table 5.7, under the same pH, the 0.1 % dosage of DTAB displays the 
highest improvement on the tensile stress and tensile strain of hemp fibres; under the 
same dosage of DTAB, pH 11 displays highest improvement. These can be explained 
by as follows:  
 
(i) Maximal absorption of nanocellulose. In water solution, surfactant can form 
micelle due to the association of surfactant molecules [568], above a certain 
concentration in the solution (which is defined as critical micelle concentration) 
micellisation or aggregation takes place [569]. In the critical micelle concentration, 
the interface of micelle is at (near) maximum coverage and to minimise further free 
energy [569], which will results in the maximal absorption of surfactant on the surface 
of cellulose [570]. The critical micelle concentration of DTAB is 0.03 % [571]. In our 
experiments, when the dosage of DTAB is 0.1 %, the concentration of DTAB is 
0.033 %. This concentration is very close to the critical micelle concentration of 
DTAB. Therefore under the 0.1 % addition, the absorption of DTAB in the hemp 
fibres will be the highest. Obviously, this will result in much more absorption of 
anionic nanocelluloses on the fibre. 
 
(ii) The swelling of hemp fibres by alkali (sodium hydroxide). Under the alkaline 
condition, due to the swelling of cellulose by the interaction with sodium hydroxide, 
the accessibility of cellulose will increase [572]. The increase of the accessibility of 
cellulose induces much more chemical reagent penetrate into the cellulose [573], but 
with the increase dosage of alkali, the increasing swelling will damage the crystalline 
structure of cellulose and reduce the strength of cellulose chains [124]. Therefore the 
best pH 11 can be ascribed to the swelling of hemp fibre. 
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5.3.3.1.1 Effect of deformation on the absorption of nanocellulose 
 
 
Fig. 5.11 Comparison of carbon ratio between raw and DTAB modified hemp fibres in the regions without and 
with deformations 
 
As described above, the amount of absorbed DTAB influences the absorption of 
nanocellulose on hemp fibres; therefore, we used the amount of absorbed DTAB to 
evaluate the effect of deformation on the absorption of nanocellulose. Due to the 
difference of carbon ratio between DTAB and hemp fibres, we employed EDX to 
calculate the carbon ratio of DTAB and hemp fibres. The results of EDX measure are 
shown in Fig. 5.11, as shown in Fig. 5.11, before DTAB treatment, the carbon ratios 
in the regions without deformations and with deformation are 48.85 % and 49.43 % 
respectively; after DTAB treatment, the carbon ratios in both of regions are increased, 
especially in the regions of deformation, the carbon ratios in the regions without 
deformations and with deformation are 54.55 % and 58.32 % respectively. The DTAB 
absorption ratio of the regions without deformation and with deformation can be 
calculated with Eq. 5.1 and 5.2; and these values are 0.59 and 0.98 respectively. This 
indicates that in the regions of deformations, much more DTAB are absorbed. The 
deformation in the fibre not only the weak point but also the region which can be 
easily “attacked” by chemical acid or alkali [574]. Moreover, as described in 5.3.2.2 
Crystallinity index of deformation, the crystallinity index in deformation is lower than 
that in the region without deformation; and exist much more non-crystalline regions. 
Therefore, under the alkaline condition, the accessibility in deformation will much 
higher than that in the region without deformation. This will gives rise to the increase 
of DTAB absorption on the fibres. 
 
5.3.3.1.2 Surface morphologies of two-step modified hemp fibres 
 
The natural fibres before and after two-step modification were observed with 
FEG-SEM. As described in 5.3.2.1 Morphologies of deformation, overall the surface 
of deformations of hemp fibres looks more amorphous than that of hemp fibres 
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without deformations, therefore the characterization of the surface of two-step 
modified hemp fibres focus on the deformations in hemp fibres. As shown in 
Fig.5.12(a), impurity and interfibrillar gap can be found on the surface of raw hemp 
fibres, while Fig. 5.12(b) clearly shows the presence of nanocellulose around the 
fibres after two-step modification. FEG-SEM micrograph shows that nanocellulose 
covers the deformation of fibres with two ways, namely, (i) nanocellulose filling in 
the stria and (ii) bonding the inter-fibril on the gap between two fibrils.  
The first way may give rise to the improvement of interfacial property of hemp fibres. 
Because compared with macro-fibres from nature, nanocellulose possesses higher 
specific surface area (up to 170 m
2
·g
-1 
 [69]) [69, 353, 575-577], and the higher 
specific surface area will provides more contact or bonding points on fibres surface 
and hence lead to a stronger interface with resins. 
 
The second way may in favour of the improvement of the mechanical properties of 
hemp fibres. The interfibrillar gap is one of the typical characteristic of deformation 
[578], due to the high mechanical properties [70-72], the cover of nanocellulose on 
the interfibrillar gap may induce the increase of mechanical properties of hemp fibres. 
 
5.3.3.1.3 Crystallinity index of the modified hemp fibres 
 
X-ray diffraction was used to investigate the crystallinity of unmodified, DTAB 
modified and two-step modified hemp fibres. X-ray powder diffraction measurement 
results from these hemp fibres are given in Fig. 5.13. CI analysis was summarized in 
Table 5.8. It can be seen from Table 5.8 that the major crystalline peak of the hemp 
fibres with various treatments occur from 21.77° to 22.63°, which represents the 
cellulose crystallographic plane (002, Bragg reflection). The minimum intensity (Iam) 
between 002 and 110 peaks is from 18.52° to 19.11°. The CI for un-modification, 
DTAB pretreatment and two-step modification are 55.17 %, 65.95 % and 76.39 % 
respectively. This indicates clearly that after modification, crystallinity of hemp fibres 
is increased significantly. Compared with the un-modification, DTAB pretreatment, 
 
(a) 
 
(b) 
Fig. 5.12 FEG-SEM morphologies of (a) untreated and (×20 K) (b) two-step modified (×48 K) hemp fibres.  
 95 
the CI of two-step modification can increase by 38.46 % and 15.83 % respectively. 
This may be due to the repair of nanocellulose on cell wall or non-crystalline of the 
hemp fibres. Because:  
 
(i) According to the CI results, the DTAB pretreatment is 65.95, the two-step 
modification, i.e. DTAB-nanocellulose is 76.39 %, and the CI of nanocellulose is 
86.6 %, if the increase of CI is just contributed by the high crystallinity of 
nanocellulose, the ratio of nanocellulose should up to 50.38 %. But in the 
pretreatment, the dosage of DTAB is only 0.1 %, namely, the absorbed nanocellulose 
of the fibres is not possible higher than the fibres. Therefore, the significant increase 
of CI must be contributed by the interaction between the nanocellulose and fibres. 
 
(ii) The thickness of delamination in the S2 layer of hemp fibres is 100 nm [542], this 
allows small size of nanocellulose particle penetrate into the delamination. Moreover, 
under the alkaline condition, due to the swelling of cellulose by the interaction with 
sodium hydroxide, the accessibility of cellulose will increase [572]. This will increase 
the probability of reaction between nanocellulose with hemp fibres. 
 
(iii) The high density of hydroxyl groups [69] on the surface of nanocellulose 
provides the change for the formation of hydroxyl bonds between nanocellulose and 
hemp fibres.  
 
Table 5. 8 Results of CI of unmodified, DTAB pretreated and two-step modified hemp fibres determined by XRD 
Samples 
2 θ ( ° ) Intensity (a.u) 
CI (%) 
Iam I002 Iam I002 
Raw fibres 19.11 22.63 1822 4064 55.17 
DTAB modified fibres 18.52 21.77 1529 4491 65.95 
Two-step 
modified fibres 
18.58 21.94 1307 5538 76.39 
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Fig. 5.13 X-ray diffractogram of unmodified, DTAB pretreated, and two-step modified hemp fibres. 
 96 
5.3.3.2 Interfacial property of two-step modified natural fibres 
 
Interfacial property of fibres is the main factor which determines the final 
performance of the fibres-based composites. Various methods (e.g. micro-mechanical 
techniques [579-581], spectroscopic techniques [582-585], surface characterization 
[40, 586, 587]) have been developed for assessment of fibres interfacial property. 
Especially, for spectroscopic techniques, researchers always use Soxhlet extraction as 
pretreatment before FTIR or XPS characterization [465, 588]. In the present work, we 
develop a novel method without Soxhlet extraction pretreatment for the measurement 
of polyester adsorption on the surface of fibres and the characterization of fibres 
surface by FTIR and XPS. The adsorbed unsaturated polyester on the surface of fibres 
with various treatments is summarized in Table 5.9. As Table 5.9 shown, after 
two-step treatment, the resin adsorption was increased from 0.05205 g to 0.07235 g; 
but for DTAB pretreatment, the adsorbed resin was decreased from 0.05205 g to 
0.03365 g. This indicates that two-step modification has improved the interfacial 
properties of fibres.  
 
Table 5. 9 Absorbed resin of raw hemp fibres and modified fibres 
Samples Absorbed resin (g)        
Raw fibres 0.05205 
DTAB 0.03365 
Two-step Modification 0.07235 
 
XPS has been commonly used to investigate the chemical compositions of cellulosic 
and polymeric materials as well as their chemical interactions. Fig. 5.14 shows XPS 
wide scans spectra for unsaturated polyester, unsaturated polyester coated fibres 
which were pretreated with various methods. It can be seen that oxygen and carbon 
are the main elements on the surface of fibres. High resolution of spectra at O1s and 
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Fig. 5.14 XPS wide scans spectra of unsaturated polyester and fibres for un-modification, DTAB pretreatment 
and two-step modification immersed with unsaturated polyester. 
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C1s were shown in Fig. 5.15. Atomic ratio of O/C also be calculated according this 
figure. It is apparent that two-step modification results in a decrease in the O/C atomic 
ratio which is 0.272. This value is quite similar with unsaturated polyester which is 
0.245, indicating that almost all of the surface of the fibres were covered with the 
resin. For DTAB pretreated and unmodified fibres, O/C atomic ratio is 0.356 and 
0.349 respectively. These results agree quite well with the resin adsorption 
measurement as illustrated above. The XPS characterization results also indicate that 
the developed method in this research can be used as novel assessment way for the 
interfacial property of fibres.  
ATR-FTIR has been used extensively to investigate the surface of fibres as well as the 
resin adhesion, and spectra subtraction is useful in variety of analysis, such as the 
inspection of incoming raw materials, comparison of batches or samples, evaluation 
of organic reactions, and so on. This study employs spectra subtraction to subtract 
unsaturated polyester spectrum from the two-step modified and un-modified hemps 
fibres which are coated with unsaturated polyester, then compare these subtracting 
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Fig. 5.15 O1s and C1s narrow spectra of unsaturated polyester and fibres for un-modification, DTAB 
pretreatment and two-step modification immersed with unsaturated polyester. 
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Fig. 5.16 ATR-FTIR spectra of pure unsaturated polyester, subtraction from two-step modified fibres and raw 
fibres. 
 98 
spectra with raw unsaturated polyester. The different spectrum may be attributed to 
the effect of nanocellulose.  
 
The ATR-FTIR spectra of pure unsaturated polyester (a), spectra of polyester 
subtraction from two-step modified fibres (b) and raw fibres (c) after resin coating 
were presented in Fig. 5.16. More details about region 2 and region 3 are shown in 
Fig. 5.17(a) and 5.17(b). As can be seen, the subtracted spectrum (b) appears negative 
absorbance in region 1 (from 3600 to 3345). According to previous reports [557, 589], 
free hydroxyl groups (C2, C6) in cellulose were assigned around 3561-3358 cm
-1
, also 
nanocellulose possesses high density of hydroxyl groups [69]. The negative 
absorbance in spectrum b of Fig. 5.16 may be due to the esterification between 
hydroxyl groups at C-2 and C-6 of nanocellulose and carboxyl groups of unsaturated 
polyester. This can be further proved from the peak at 1426 cm
-1
 (Fig. 5.17(a)) which 
is assigned with the H-C-H bending vibration [518]. Moreover, the appearance of 
peak around 1380 cm
-1
 can be observed obviously in spectrum a in Fig. 5.17(a) also 
further support this observation. Generally, the peak at 912 cm
-1
 is assigned with C-H 
(in CH=CH) out-of-plane blending of styrene, 989 cm
-1
 is assigned with C-H (in 
CH=CH) out-of-plane blending of unsaturated polyester [590, 591], the disappearance 
of 912 cm
-1
 in spectrum indicated that less styrene was absorbed on the surface of raw 
fibres. However, this peak appears in spectrum b in Fig. 5.17(b), this shows that 
two-step modification can benefit the adhesion of styrene on the surface of modified 
fibres. The appearance of peak at 975 cm
-1
 in spectrum b and peak at 984 cm
-1
 in 
spectrum c show that unsaturated polyester is adsorbed by both of the fibres.  
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Fig. 5.17 ATR-FTIR spectra of pure unsaturated polyester, subtraction from two-step modified fibres and raw 
fibres in 1475-1340 cm-1 (a) and 1300-650 cm-1 (b). 
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5.4 Interim Conclusions 
In this chapter, we firstly characterized hemp fibres by employing microscopy 
technology. The MFA of hemp fibres were measured by optical microscope and the 
results showed average MFA in S1 layer was 80.35° and the average MFA in S2 inner 
layer was 2.65°. Optical microscope was also used to observe the deformation of 
hemp fibres which could be cataloged into four forms, namely kink bands, 
deformations, nodes and slip planes. FEG-SEM was employed to observe the crack of 
hemp fibres under tensile loading, and found that the initial crack of hemp fibres starts 
from the primary cell wall. The MFA of S2 inner layer at fracture point which was 
measured by optical and their mean value was 6.16°. Compared with that of 2.65°, 
this confirmed that deformation is the weak link point of fibres.  
 
Secondly, we further revealed the mechanism of deformation on the mechanical 
properties of hemp fibres by employing spectroscopy technology. The crystallinity 
index examined by FTIR was 48.4 % for the hemp without deformations and 41.3 % 
for those within deformation regions, showing a significant reduction of crystallinity 
in the deformations. 
 
The deconvolved four bands of the OH stretching region gave rise to a clear 
indication of changes in the valence vibration of hydrogen-bonded OH groups: i.e. the 
intramolecular hydrogen bond of O(2)H---O(6) (3451 cm
-1
), the intramolecular 
hydrogen bond of O(3)H---O(5) (3350 cm
-1
), the intermolecular hydrogen bond of 
O(6)H---O(3`) (3264 cm
-1
) and the O-H stretching (3167 cm
-1
), with the absorbance 
of these bands in the deformation regions being much lower than that in the regions 
without deformations. The weaker inter- and intra-molecular hydrogen bonding in the 
deformations could be the main cause that induced the decrease of tensile strength in 
the hemp fibres, especially the intramolecular hydrogen bond of O(3)H---O(5). 
 
The FTIR spectra from 1370 cm
-1
 to 1330 cm
-1
 illustrated that the band at 1368 cm
-1
 
and 1363 cm
-1 
disappeared in deformation regions, indicating the removal of the 
hemicelluloses in deformations and hence possible loss of lignin. The deconvolved 
FTIR spectra from 1330 cm
-1
 to 1215 cm
-1
 showed the S ring stretching, CH2 rocking 
at C6 in cellulose, G ring stretching, C-C plus C-O plus C=O stretch and COH 
bending at C6 in cellulose, indicating reduction of lignin content in the deformation 
regions. The ratio of S (Syringyl, 1325cm
-1
)/ G (Guaiacyl, 1259 cm
-1
) was 1.1 for the 
hemp without deformations comparing to 0.9 for the deformation regions, indicating 
higher cellulose content in the deformation regions. 
 
Thirdly, we employed nanotechnology to modify hemp fibres. The nanotechnology 
modification was carried out in two steps, namely, DTAB pretreatment and 
nanocellulose modification. By comparing with un-modification, DTAB pretreatment, 
the two-step (two-step nanocellulose) modification displayed more significant 
reinforcement on the mechanical properties of hemp fibres. Compared with raw hemp 
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fibres, the modulus, tensile stress and tensile strain of the two-step nanocellulose 
modified hemp fibres increase by 36.13 %, 72.80 % and 67.89 % respectively. EDX, 
FEG-SEM and XRD were employed to reveal the reinforce mechanism of the 
two-step nanocellulose modification. EDX measurement showed that deformations 
affected the absorption of DTAB significantly. In the deformation of hemp fibres, the 
absorption ratio of DTAB was 0.98, while in the region without deformation this 
value was only 0.59. This indicated that much more nanocellulose could be adsorbed 
on the deformation of hemp fibres. FEG-SEM results showed that nanocellulose 
covers the deformation of fibres with two ways, namely, (i) nanocellulose filling in 
the stria and (ii) bonding the inter-fibril on the gap between two fibrils. XRD results 
showed that the CI of un-modification, DTAB pretreatment and two-step modification 
were 55.17 %, 65.95 % and 76.39 % respectively. This indicated that the two-step 
nanocellulose modification could improve the crystallinity index of hemp fibres. We 
conjecture that the increase of CI is caused by the formation of hydroxyl bonds 
between nanocellulose with hemp fibres in the S2 layers and the non-crystalline 
regions of hemp fibres. 
 
After two-step treatment, the resin (unsaturated polyester) adsorption was increased 
from 0.05205 g to 0.07235 g. But for DTAB pretreatment, the adsorbed resin was 
decreased from 0.05205 g to 0.03365 g. This indicates that two-step modification 
could improve the interfacial property of fibres. The interfacial property improvement 
was revealed by employing XPS and ATR-FTIR. XPS characterization results showed 
that the O/C atomic ratio of fibres without modification, DTAB pretreatment and 
two-step treatment were 0.349, 0.356 and 0.272 respectively. The value of O/C atomic 
ratio with two-step modification was quite similar with unsaturated polyester which is 
0.245. This indicated that much more unsaturated polyester could be absorbed on the 
fibres with two-step modification. ATR-FTIR characterization showed that (i) the 
higher resin adsorption may be due to the esterification between hydroxyl groups at 
C-2 and C-6 of nanocellulose and carboxyl groups of unsaturated polyester, and (ii) 
the nanocellulose modification can benefit the adhesion of styrene on the surface of 
the modified fibres. 
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Chapter 6 Nanocellulose/Epoxy Nanocomposite 
 
6.1 Introduction 
 
Nanocomposites in general are two-phase materials in which one of the phases has at 
least one dimension in the nanometer range (1–100 nm) [358]. Over the last 16 years, 
a significant amount of research has been dedicated to the use of nanocellulose as the 
filler for polymeric matrices to make nanocomposite since Favier et al [254, 255] 
firstly reported the fabrication of nanocellulose reinforced composites in 1995. It has 
been found that nanocellulose can improve the mechanical properties (e.g. tensile 
strength, tensile modulus, strain and so on) of polymeric matrices significantly. For 
example, Park et al [399] employed nanocellulose as the filler to make nanocellulose 
/poly(ethylene oxide) (PEO) (hydrophilic polymer) nanocomposite. They found that 
the existence of nanocellulose was effective in improving the mechanical properties 
of PEO. After the incorporation of the nanocellulose (0.4 %) into the PEO, the tensile 
modulus, tensile strength and strain of PEO were increased by 193.9%, 72.3% and 
233.3%. Ten et al [442] employed solvent casting method to make nanocellulose/ 
polyester (hydrophobic polymer) nanocomposite. The results showed nanocellulose 
was an effective nucleation agent for polyester. Tensile stress, Young’s modulus and 
strain of polyester increased with the increasing concentration of nanocellulose. 
 
As one of the hydrophobic polymeric matrices, epoxy resin systems are increasingly 
used in a wide range of applications, e.g. shipbuilding or electronic devices, medical 
devices, optical components, structural composites and so on [592, 593]. However, 
there are only a few of works [467, 594-596] have been reported about the mixture of 
epoxy with nanocellulose. Only one method about the dispersion of nanocellulose into 
the epoxy matrix has been reported [467, 596], namely, organic solvent dispersion 
methodology. Lu et al [467] successfully incorporated nanocellulose into the epoxy 
resin system using acetone as the organic solvent, at a 3.7 % addition of nanocellulose, 
the storage modulus at 30 ºC increased about 20%. Tang et al [467, 594-596] 
employed dimethyl formamide as the organic solvent to disperse nanocellulose into 
the epoxy matrix, at a 20 % addition of nanocellulose, the storage modulus at 30 ºC 
increased from 1.6 GPa to 5.7 GPa. But none of them reported the effect of 
nanocellulose on the tensile stress and modulus of epoxy. A unique feature of 
nanocomposites is that a dramatic improvement in properties is reached at low filler 
content [597]. However, among these reports about the fabrication of nanocellulose 
/epoxy nanocomposite, the addition of nanocellulose was very high.  
 
In this chapter, we investigate the application of nanocellulose as reinforced filler for 
epoxy. We develop a novel method for the dispersion of nanocellulose into the epoxy 
by employing the curing agent of epoxy---diethylenetriamine (DETA) to modified 
nanocellulose. The preparation conditions (curing temperature and dosage of modified 
nanocellulose) of modified nanocellulose/epoxy nanocomposite will be optimized 
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firstly. Secondly, the modification will be investigated further by employing 
FEG-SEM to compare the dispersion of modified nanocellulose in the matrix with 
that of without modification. Finally, DSC will be employed to calculate the cure 
kinetics of modified nanocellulose/epoxy by using three different methods, i.e. KAS, 
Friedman and Málek method.  
 
6.2 Theoretical foundation of cure kinetics 
 
The first attempts to develop authentic models of solid state kinetics date back to the 
late 1920s [598]. The earliest kinetic studies were performed under isothermal 
conditions. While non-isothermal methods were used [599] to follow the reaction 
rates in solids, the results of these studies were not used for kinetic evaluations until 
the 1930s. The explosive development of non-isothermal kinetics began in the late 
1950s when thermal analysis instruments became commercially available [600, 601]. 
Since that time there has been an ever increasing number of works dealing with 
methods of determining Arrhenius parameters and the reaction model from 
non-isothermal experiments. The advantages of the non-isothermal experimental 
technique are at least partially offset by the computational difficulties associated with 
the kinetic analysis [602]. In particular, DSC has been widely recognized as useful 
method to determine cure kinetics of thermosetting resins [603]. Assuming 
proportionality between the heat flow (Φ) and the rate of cure (dα/dt) can be 
expressed as: 
cHdt
d




 (Eq. 6.1) 
where ΔHc corresponds to the total enthalpy change associated with the crystallization 
process, Φ corresponds to the heat flow (W/g). The fractional conversion (α) can be 
easily obtained by partial integration of DSC curves with Eq. 5.1 In non-isothermal 
conditions, α can be calculated as: 
 

T
Tc
dT
H 0
1

  (Eq. 6.2) 
where β is the heating rate and T0 corresponds to the beginning of the baseline 
approximation. The rate of kinetic process can be expressed as a product of 
temperature dependent rate constant K(T) and α dependent kinetic model function 
f(α): 
)(f)T(K
dt
d


  (Eq. 6.3) 
According the assumption, the rate constant in Eq. 6.3 follows Arrhenius equation: 
RT
Ea
Ae)T(K

  (Eq. 6.4) 
where A is the pre-exponential factor and Ea is the activation energy, R is the universal 
gas constant, and T is the absolute temperature (K). The curing kinetic calculation can 
be obtained by many different methods, e.g. Kissinger–Akahira–Sunose (KAS) 
method [604, 605], Friedman method [606], and integral methods, e.g. Friedman 
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method [607, 608]. Recently, many novel methods have been reported to calculate the 
cure kinetic, e.g. Málek method [609-611], Popescu method [612], Dollimore method 
[613], Strarink method [614], Vyazovkin method [615], especially, Málek method 
[603, 616-618] is getting more and more attention. 
 
KAS, which has also been named maximum reaction rate method, is based on 
Coats-Redfern approximation [619]. Ea can be obtained from the maximum reaction 
rate where d(dα/dt)/dt is zero under a constant heating rate condition. The basic 
equation of the method in the integral form is: 
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 (Eq. 6.5) 
where βi is the heating rate, Tp,i is the peak temperature at different heating rates, R is 
the universal gas constant, A is the pre-exponential factor and Ea is the activation 
energy. In this method, Ea and A can be calculated from the slope and y intersect of 
the linear plot of -ln(β/T2pi) against (1/Tp), respectively. The value of Ea obtained in 
Eq. 6.5 is an overall value representing all complex reactions that occur during curing. 
 
Friedman method is isoconversional procedure, introduced by Friedman [606], uses as 
its basis the following relationship: 
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 (Eq. 6.6) 
which makes it possible to find the activation energy value from the slope of the line 
when ln(dα/dt) is plotted against 1/T for isoconversional fractions. In non-isothermal 
conditions, integral of the kinetic model function can be express as follow: 
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  (Eq. 6.7) 
Using the logarithmic form of the kinetic Eq. 6.7, we obtain: 
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Defining 
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x a  (Eq. 6.9) 
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The Eq. 6.8 can be rewritten as: 
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R
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ln)(Gln a    (Eq. 6.11) 
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where P(x) is the integral of temperature, the pre-exponential factor (A) can be got by 
the following equation: 
aE)x(p
R)(G
A

  (Eq. 6.12) 
Málek method is another isoconversional procedure. It is an effective method to 
further determine the most probable mechanism function [620]. This method using the 
logarithmic form of the kinetic Eq. 6.3: 
 
RT
E
Af
dt
d a )(lnln 

 (Eq. 6.13) 
In non-isothermal conditions, dt=(dβ/dt). Therefore, Eq. 6.13 can be replaced by: 
RT
E
Af
dt
d a





))(ln(ln 

 (Eq. 6.14) 
The slope of ln (βdα/dt) versus 1/T for the same value of α at any heating rate gives 
the value of Ea [611]. The value of Ea can be used to find the appropriate kinetic 
model which best describes the non-isothermal DSC data. In the Málek method, two 
special functions (i.e. y(α) and z(α)) are defined as follows: 
xe)
dt
d
()(y

   (Eq.6.15) 



T
)
dt
d
)(x()(z   (Eq. 6.16) 
where x is reduced activation energy and π(x) is an approximation of the temperature 
integral. In this method, π(x) function is expressed by the 4th rational expression of 
Senum et al [621]: 
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)x(  (Eq. 6.17) 
The maximum of y(α) function (αM) and z(α) function (αp
∞
) are the important 
parameters in this method for the determination of the most suitable f(α) function. 
Their combination can suggest the choice of the kinetic model as shown in Fig. 6.1 
[611]. By differentiation of Eq. 6.16, and get z`(α)=0, we obtain that: 
1  )(G)(f Pp
'   (Eq. 6.18) 
where f`(α) is the differential of the kinetic model function and G(α) is integral of the 
kinetic model function, namely: 
)x(
x
e
R
AE
)(G
x
a 

 

 (Eq. 6.19) 
Combining Eq. 6.17 and Eq. 6.18, pre-exponential factor (A) can be expressed as: 
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6.3 Materials and Methods 
 
6.3.1 Materials 
 
The materials used in the study are summarized in Table 6.1. 
 
Table 6. 1 Summary of chemical reagents and instruments for analysis 
Chemical reagent, raw material, instrument Provider 
SP®Epoxy SP106 (Bisphenol-A-epichlorohydrin epoxy) Gurit UK Ltd 
DETA Sigma-Aldrich Company Ltd 
Heating mantle (500) Fisher Scientific UK Ltd 
3-neck round bottom flask (500 ml) Fisher Scientific UK Ltd 
 Freeze dryer MMM Medcenter 
IKA®Overhead stirrer Fisher Scientific UK Ltd 
Fisherbrand®Ultrasonic bath Fisher Scientific UK Ltd 
Spectrum Two™ ATR-FTIR PerkinElmer UK Ltd 
Zeiss Supra 35 VP FEG-SEM Oxford Instruments GmbH 
MMM Vacucell 22 litre Vacuum Oven MMM Medcenter 
 
6.3.2 Fabrication of nanocellulose/epoxy nanocomposite 
 
Obviously, the curing agent for the matrix must possess high compatibility with the 
matrix. Therefore, if the curing agent can react with nanocellulose, the curing agent 
modified nanocellulose will also possess high compatibility with the matrix. It has 
been found that DETA can react with cellulose and form DETA-cellulose complex 
[622-626]. The main chemical structure of nanocellulose is similar with cellulose. 
 
Fig. 6.1 Schematic diagram of the kinetic model determination. 
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Therefore, in this chapter, we employed DETA to modify the nanocellulose which was 
fabricated as described in chapter 3. 
 
Nanocellulose powder was obtained by freezing dryer as described by Habib et al 
[446]. Then, 4 % of the nanocellulose powder (on the weight of DETA, in this 
experiment we found that when the addition of nanocellulose powder was larger than 
4%, the suspension would form gel) was added into 3-neck round bottom flask and 
mixed with 150 ml DETA. The mixture was then treated at 100 °C in conjunction 
with the ultrasonication. After 1 hour, the mixture was kept in thermostat water-bath 
at 50 °C. The modified nanocellulose and 10 parts per one hundred (phr) (the amount 
of DETA for epoxy system is always used around 7-20 phr [627]) DETA were then 
added into the epoxy. After degasing, the resin was put into the model (110×20×1 mm) 
and cured for 2h under various curing temperatures (80 ºC, 90 ºC, 100 ºC, 110 ºC, 120 
ºC, 130 ºC, 140 ºC) with 0.025 % dosage of nanocellulose. In this chapter the factors 
what we investigated were curing temperature and the dosage of nanocellulose, but 
the number of level for each factors were high. Therefore we employed single factor 
method to investigate the effect of both factors. We then optimized the curing 
temperature and investigated the effect of the dosage of nanocellulose with various 
levels 0 %, 0.0175 %, 0.035 %, 0.0525 % and 0.07 % (on the weight of epoxy) under 
the optimized curing temperature.  
 
6.3.3 Tensile testing 
 
The tensile testing of nanocomposite films was carried out with Instron 5566 
according to ASTM D638 at 20±2°C and 65±2% relative humidity with a 25 mm 
gauge length (crosshead speed of 0.1 mm min
-1
).  
 
6.3.4 Size of nanocellulose in the matrix 
 
Zeiss Supra 35 VP FEG-SEM was performed to investigate the effect of modification 
on the dispersion of nanocellulose into the epoxy. Unmodified nanocellulose/epoxy 
nanocomposite and the DETA modified nanocellulose/epoxy nanocomposite were 
used for the FEG-SEM observation. The test pieces were plasma etched to clean the 
surface of test pieces at first. Following etching, in order to obtain high resolution 
image, surface of nanocomposites observations were performed under the following 
conditions: an acceleration voltage of 9.65 kV and the secondary electron mode with 
images collected digitally. UTHSCSA ImageTool software was finally used to 
measure the size of nanocellulose. 
 
6.3.5 Cure kinetics of nanocellulose/epoxy nanocomposite 
 
DSC which measures the heat flow of the sample as a function of temperature has 
widely used to study the cure kinetics of thermosetting polymer [603]. The 
advantages of the non-isothermal experimental technique are at least partially offset 
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by the computational difficulties associated with the kinetic analysis [602]. Therefore, 
in this chapter, we employed DSC to investigate the cure kinetics of nanocellulose/ 
epoxy nanocomposite with non-isothermal method. The cure kinetics of nanocellulose 
/epoxy nanocomposites were measured by employing a DSC 6000 modulated 
differential scanning calorimeter from Pekin-Elmer. The procedure of cure kinetics 
analysis was performed as following: 
 
(i) Preparation of samples 
 
Nanocellulose which was pretreated with DETA was added into 10 g epoxy with 0, 
0.0175 %, 0.035 %, 0.0525 % and 0.07 % with the weight of epoxy. The addition of 
DETA is 10 phr (this is a normal addition for the epoxy curing with DETA). After 
mixing, the sample was put into vacuum oven and degas for 5 min. Finally, store these 
samples in the fridge to avoid the curing of epoxy.  
 
(ii) DSC measurement 
 
About 8.0 mg of sample was used for each DSC running (the cure kinetics 
calculations are most reliable on data from experiments that use low sample weight 
between 1-10 mg [464]). The sample was heated from 30 to 170 °C (in our trial for 
the cure kinetics experiment the finishing temperature was between 160 °C and 
170 °C) with different heating rates i.e. 5, 10, 15 and 20 °C min
-1
 (for reliable cure 
kinetics results the portion of the data to be analyzed should fall in a reasonable 
progression from slow to fast heating rates [464], the rate between 5 °C min
-1
 and 
15 °C min
-1
 is slow heating rate [464]) under nitrogen atmosphere (the purity is 
99.9999%, and the gas input rate is 30 ml min
-1
).The curing thermal data were 
obtained by means of DSC 6000 modulated differential scanning calorimeter from 
Pekin-Elmer,  
 
(iii) Data analysis 
 
The curing thermal data which were obtained from the second step were analyzed by 
three main methods (corresponding background knowledge have been demonstrated 
in 6.2 Theoretical foundation of cure kinetics), namely, KAS, Friedman and Málek 
method. The integral of the kinetic model function and temperature were calculated 
using Maple 13 software, and the other data were calculated using Excel 2003.  
 
In addition, the ATR-FTIR analysis was carried out as described in 4.2.2.5 ATR-FTIR. 
 
6.4 Results and Discussion 
 
6.4.1 Preparation of nanocellulose/epoxy nanocomposite 
 
6.4.1.1 Effect of curing temperature 
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Table 6. 2 Effect of the curing temperature on nanocomposite mechanical properties (nanocellulose 0.025%) 
Curing 
temperature        
(°C)      
Modulus           
(MPa) 
C.V. 
Tensile stress   
(MPa) 
C.V. 
Tensile strain        
(%) 
80 1243.61  6.14  50.14  6.86  5.13  
90 1293.24  4.27  52.64  5.16  5.30  
100 1174.86  23.86  53.21  6.39  5.66  
110 1125.41  6.82  53.86  4.60  6.36  
120 1131.24  5.04  55.35  7.08  6.47  
130 1150.85  6.81  59.38  7.56  6.80  
140 1072.15  12.48  50.11  13.14  5.40  
 
Curing temperature is a main parameter which can affect the curing degree of epoxy 
[628]. Mechanical properties of nanocomposites with various curing temperatures 
were summarized in Table 6.2. Although with the increase of temperature the modulus 
of nanocomposite shows a tendency of decrease, a slight increase of modulus at 90 °C 
can be observed. As for the tensile stress and strain, it shows similar tendency that: the 
values increase with the increase of curing temperature at first, when the curing 
temperature is 130 °C, the tensile stress and strain can get maximum of 59.38 MPa, 
6.8 %, respectively. This may be due to the conversion of epoxy which can affect the 
crystallinity of composite.  
 
6.4.1.2 Effect of dosage of nanocellulose 
 
Table 6. 3 Effect of dosage of nanocellulose on nanocomposite mechanical properties (curing temperature 130 ºC) 
Dosage of 
Nanocellulose 
(%)      
Modulus              
(MPa) 
Tensile stress   
(MPa) 
Tensile strain 
(%) 
0 1271.20  54.16  5.52  
0.0175 1227.08  51.24  5.02  
0.025 1150.85  59.38  6.80  
0.0325 1289.32  62.52  7.04  
0.0525 1154.29  55.22  5.57  
0.07 1100.94  51.56  5.42  
 
Table 6.3 summarized the effect of the dosage of nanocellulose which was modified 
high content of DETA on the mechanical properties of epoxy nanocomposites. 
Polymer-particle and particle-particle interactions are commonly the determining 
factors for the strength of the particle reinforced polymers [629]. In low addition, due 
to the steric hindrance, the aggregation of nanoparticles is less than that of in high 
addition. Therefore, the polymer-particle interaction effect plays an important role for 
the mechanical properties of composite, the better internal interface will in favour of 
the dispersion of nanocellulose and improve the mechanical properties of composite 
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[630]. But, as Table 6.3 shows, a slight decrease can be observed when the addition of 
nanocellulose is 0.0175 %. This can be explained as follows:  
 
(i) Formation of carboxylic acid ammonium salt in the DETA modified nanocellulose. 
This can be proved by the ATR-FTIR As shown in Fig. 6.2, compared with 
nanocellulose without modification, three bands can be observed in the spectrum of 
DETA modified nanocellulose, i.e. the band at 1568 cm
-1
 which is assigned as O=C 
stretching from amide [631], the band at 1558 cm
-1
 which is assigned as asymmetric 
stretching of O=C from carboxylic acid salts and the band at 1471 cm
-1
 which is 
assigned as symmetric stretching of O=C from carboxylic acid salts [632]. As 
described in Chapter 4, the hydroxyl groups in cellulose were oxidized into carboxyl 
groups during the nanocellulose fabrication process. The formation of carboxylic acid 
ammonium salt can be ascribed to the reaction between carboxyl in nanocellulose and 
primary amine in DETA (see the step 1 in Fig. 6.3). 
 
 
(ii) Carboxylic acid ammonium salt in DETA-nanocellulose complex crosslink epoxy 
(see the step 2 in Fig. 6.3), because carboxylic acid ammonium salt can catalytically 
crosslink epoxy by ammonium and form quaternary ammonium salt [633]. 
 
(iii) Low chemical bond strength. Due to the crosslink of carboxylic acid ammonium 
with long chain epoxy, the ionic diameter of the quaternary ammonium salt get very 
large, which in turn gives rise to the decrease of the ionic band strength which far less 
the covalent bond between primary amine and epoxy [634]. Therefore the reaction 
between the carboxylic acid ammonium salt and epoxy will reduce the mechanical 
properties of the epoxy.  
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Fig. 6.2 ATR-FTIR spectra of nanocellulose and DETA modified nanocellulose.  
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Table 6. 4 Summary of the enthalpy change, mean enthalpy change under various heating rate and dosage of 
nanocellulose 
Dosage of 
nanocellulose (%) 
Heating rate     
(ºC min-1) 
ΔH (J g-1) 
Mean ΔH 
(J g-1) 
0 
5 -208.99 
-218.61 
10 -227.25 
15 -247.82 
20 -190.38 
0.0175 
5 -261.05 
-260.35 
10 -256.17 
15 -274.64 
20 -249.55 
0.035 
5 -356.34 
-348.43 
10 -357.35 
15 -382.56 
20 -297.48 
0.0525 
5 -254.27 
-297.93 
10 -287.53 
15 -345.22 
20 -304.70 
0.07 
5 -230.37 
-238.56 
10 -254.27 
15 -242.53 
20 -227.07 
 
 
Fig. 6.3 Schematic of formation of DETA-nanocellulose complex and the reaction of DETA-nanocellulose 
complex with epoxy.  
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However, with the increase of nanocellulose, the tensile stress and tensile strain 
increase. It can be observed from Table 6.3 that the best reinforcement effect appears 
when the addition of nanocellulose is 0.035 %. Compared with the pure epoxy, the 
tensile stress and tensile strain of nanocomposite increase from 54.16 MPa and 
5.52 % to 62.52 MPa and 7.04 % respectively. The increase of tensile stress and 
tensile strain are 15.44 % and 27.47 % respectively. In low addition, the formation of 
quaternary ammonium salt can result in the decrease of mechanical of nanocomposite. 
Therefore the increase in high addition the chemical reaction between nanocellulose 
and epoxy should be different with that of in low addition. We conjecture that the 
chemical reaction is carboxyl-epoxyl reaction. This assumption is based on two 
evidences:  
 
(i) The increase of the absolute enthalpy change (ΔH). The enthalpy change of the 
curing reaction was determined by DSC (as shown in Table 6.4, ΔH can be calculated 
from the area of the region between the curve and the baseline), the negative ΔH 
indicates the curing process of epoxy is heat-releasing exothermic processes. As Table 
6.4 shows, the mean ΔH of curing reaction is -260.35 J g-1 when the nanocellulose 
addition is 0.0175 %. But when the addition of nanocellulose is 0.035 %, the ΔH 
decrease significantly (the value is -348.43 J g
-1
) indicating that a reaction with more 
heat-release appear when the addition of nanocellulose is 0.035 %. Carboxyl can react 
with epoxy and form carboxyl-epoxy ester (but need higher activation energy) [633]. 
Moreover, the carboxyl-epoxyl reaction releases more heat than that of DETA-epoxy 
curing reaction [635]. Therefore, the increase of the absolute enthalpy change (ΔH) 
can be ascribed to the reaction of carboxyl in the nanocellulose.  
 
(ii) Higher activation energy (Ea). The activation energy (this term is defined as the 
energy that must be overcome for a chemical reaction to occur [636]) of curing which 
will be discussed in 6.4.3 Cure kinetics of nanocellulose/epoxy nanocomposite. 
Calculation shows that the higher activation energy appears in 0.035 % or 0.0525 % 
addition of nanocellulose. When the addition of nanocellulose is 0.0175 % or 0.07 %, 
the activation energy of curing is lower than that without nanocellulose. Moreover, the 
carboxyl-epoxy reaction needs higher activation energy [633]. Therefore, the increase 
of the activation energy can be ascribed to the reaction of carboxyl in the 
nanocellulose with epoxy.  
 
As for the mechanism of the dosage of nanocellulose on the occurrence of various 
chemical reactions, we assume this is related with the steric hindrance. As Fig. 6.2 
shows, the band at 1564 cm
-1
 which is assigned as O=C stretching from carboxyl [480] 
and the absorbance of this band is very close to the band at 1558 cm
-1
 which is 
assigned as asymmetric stretching of O=C from carboxylic acid salts. This indicates 
inside the DETA-nanocellulose complex there still exists lots of carboxyl groups 
which has similar number with the carboxylic acid salts. In low addition, the 
concentration of DETA-nanocellulose complex in the epoxy matrix is low; the steric 
effect of the DETA will decrease the probability of the collision between carboxyl 
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groups with epoxy. In high addition, before the occurrence of aggregation, the 
probability of the collision between carboxyl groups with epoxy can increase.   
 
When the addition of nanocellulose higher than 0.035 %, the tensile stress and tensile 
strain start to decrease which may be due to the aggregation of nanocellulose particles 
in the epoxy matrix, because (i) the particle aggregation tends to reduce the strength 
of the material [637] and (ii) the aggregation can decrease the surface area of the 
particles [638] resulting in the decrease the interface between particles and the matrix. 
Nevertheless, for the modulus of the nanocomposites, it seems not to show any 
correlation ship with the dosage of nanocellulose. 
 
6.4.2 Effect of DETA modification 
 
The mechanical properties of nanocellulose/epoxy nanocomposites without and with 
modification are summarized in Table 6.5. As Table 6.5 shows, DETA modification 
can improve the mechanical properties of composites. Compared with unmodified 
nanocellulose nanocomposite, the modulus, tensile stress and tensile strain of 
modified nanocellulose nanocomposite were increased by 4.93 %, 29.36 % and 
57.49 % respectively. As described above, the DETA modification will introduce the 
carboxylic acid ammonium salt into the nanocellulose and results in the crosslink of 
nanocellulose with epoxy groups. The better interaction between nanocellulose and 
the epoxy will increases the dispersity of nanocellulose into epoxy. This can be 
confirmed by the measurement of the nanocellulose in the matrix with FEG-SEM. As 
shown in Table 6.5, after modification, the size of nanocellulose in the matrix 
decreases from 785 nm to 350 nm. 
 
Table 6. 5 Comparison of mechanical properties unmodified and modified nanocellulose nanocomposites and the 
size of nanocellulose in the matrix 
Samples 
Modulus              
(MPa) 
Tensile stress 
(MPa) 
Tensile strain 
 (%) 
Size of nanocellulose  
in the matrix (nm) 
C.V. 
(%)   
Unmodification 1228.72  48.33  4.47  785 22.66 
DETA 
modification 
1289.32  62.52  7.04  350 23.17 
 
6.4.3 Cure kinetics of nanocellulose/epoxy nanocomposite 
 
6.4.3.1 KAS cure kinetics 
 
KAS, which has also been named maximum reaction rate method, the activation 
energy (Ea) and pre-exponential factors can be obtained by using this method without 
assuming any model of kinetic parameters and integrating the exothermic peak. In this 
method peak temperature under various heating rate is a key parameter. Fig. 6.4 
shows the DSC thermograms of the nanocomposites with various amounts of 
nanocellulose addition were recorded at 5, 10, 15, 20 °C min
-1
, illustrating the 
 113 
variation of the fractional conversion as a function of temperature for these 
nanocomposites. From DSC thermograms of these samples as shown in Fig. 6.4, key 
information about the curing reaction (1) peak temperature (Tp) and (2) enthalpy 
change (ΔH) can be obtained. The results of enthalpy change are recorded in Table 6.4 
and the other results of peak temperature are recorded in Table 6.6. As shown in Table 
6.6, the peak temperature increases at first, but starts to decrease follow the 0.035 % 
addition of nanocellulose. This may be due to the different of the maximum 
exothermal peak temperature between the reaction of carboxylic acid ammonium salt 
with epoxy and DETA with epoxy. The logarithm plots of heating rate versus the 
reciprocal of the absolute peak temperature of nanocellulose/epoxy nanocomposite 
under various dosages of nanocellulose are given in Fig. 6.5. As shown in Fig. 6.5, a 
good linear relationship (the R
2
 more than 0.98) between the heating rate and the 
reversal of the exothermic peak temperature can be observed. Activation energy and 
pre-exponential factor are listed in Table 6.6. It can be found that with the increase of 
the nanocellulose addition, activation energy for the systems increases at first, and 
decreases when the dosage of nanocellulose higher than 0.0525 %.  
 
Table 6. 6 Curing characteristics of epoxy/nanocellulose with various dosages of nanocellulose and kinetic 
parameters evaluated with KAS analysis 
Dosage of 
nanocellulose 
(%) 
Heating rate  
(ºC min-1) 
Tp (°C) 
Ea              
(KJ mol-1) 
lnA 
0 
5 67.75 
52.7070 10.3686 
10 80.65 
15 87.72 
20 91.89 
0.0175 
5 68.61 
51.1669 9.7607 
10 81.16 
15 88.49 
20 93.96 
0.035 
5 78.02 
53.9854 10.2825 
10 88.85 
15 96.54 
20 103.63 
0.0525 
5 72.34 
54.6751 10.8463 
10 83.52 
15 91.54 
20 96.38 
0.07 
5 66.92 
50.5724 9.6396 
10 79.68 
15 86.21 
20 92.62 
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Fig. 6.4 DSC curves recorded for nanocellulose/epoxy nanocomposites at different heating rate with various 
addition of nanocellulose: (a) 0 %; (b) 0.0175 %; (c) 0.035 %; (d) 0.0525 % and (e) 0.07 %. 
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,  
6.4.3.2 Friedman cure kinetics 
 
According to the Friedman method, linear relationships ln(dα/dt) vs 1000/T under 
various dosages of modified nanocellulose for the fractional conversion (α) from 0.1to 
0.9 were established, these plots are shown in Fig. 6.6. Model independent values of 
the activation energy were determined from the slope of the resulted plots. Obtained 
values are invariant with respect to fractional conversion (Fig. 6.7). It can be observed 
from Fig. 6.7 that: (i) when the dosage of nanocellulose is 0.035 % or 0.0525 %, the 
Ea of the nanocomposite curing is higher than that of neat epoxy, especially when the 
dosage of nanocellulose is 0.035 %; in contrast, when the dosage of nanocellulose is 
0.0175 % or and 0.07 %, the Ea of the nanocomposite curing is lower than that of neat 
epoxy; these changing tendencies agree quite well with that of mechanical properties 
of the composite; (ii) for the samples of neat epoxy, dosage of nanocellulose with 
0.0175 % and 0.07 %, Ea is practically constant in the conversion interval 0.3<α<0.7, 
with a slight tendency to decrease for conversion out of this interval; however, for the 
nanocellulose addition with 0.035 % and 0.0525 %, the dependence of the Ea as a 
function of conversion was observed, this may be due to the kinetic compensation 
effect [639]. Pre-exponential factor and average Ea for different nanocellulose/epoxy 
system with various heating rates are listed in Table 6.7. As shown in Table 6.7, 
compared with the Ea which was calculated by KAS method, under the same heating 
rate, substantially different values can be found from Friedman method. It is possible 
that this disagreement between Friedman method and KAS and Vyazovkin may be 
attribute to the systematic errors which arise from the numerical differentiation of the 
experimental data involved in Friedman method.[640] 
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Fig. 6.5 KAS analysis of the cure process of epoxy with various dosages of nanocellulose. 
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 Fig. 6.6 Friedman plots of the epoxy/nanocellulose nanocomposite with various dosages of nanocellulose: (a) 
0 %; (b) 0.0175 %; (c) 0.035 %; (d) 0.0525 % and (e) 0.07 %. 
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Table 6. 7 The kinetic parameter evaluated with Friedman method 
Dosage of 
nanocellulose 
(%) 
Heating 
rate (ºC 
min-1) 
Ea              
(KJ mol-1) 
lnA lnA 
0 
5 
52.4673 
17.45535 
17.54677 
10 17.50858 
15 17.61276 
20 17.61037 
0.0175 
5 
49.0413 
17.26578 
16.65813 
10 16.63354 
15 16.66624 
20 16.06696 
0.035 
5 
57.0912 
19.61427 
18.90331 
10 19.11522 
15 18.64162 
20 18.24214 
0.0525 
5 
56.1063 
19.68315 
18.92552 
10 18.96891 
15 18.68455 
20 18.36547 
0.07 
5 
48.5199 
17.44949 
16.828645 
10 16.95426 
15 16.59674 
20 16.31409 
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Fig. 6.7 Variation of Ea versus conversion for epoxy cure kinetics with various dosages of nanocellulose. 
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6.4.3.3 Málek cure kinetics 
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Fig. 6.8 Variation of y(α) function versus conversion for nanocellulose/epoxy nanocomposites at different 
heating rate with various addition of nanocellulose : (a) 0 %; (b) 0.0175 %; (c) 0.035 %; (d) 0.0525 % and (e) 
0.07 %. 
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The value of Ea determined from DSC data was used to calculate both y(α) and z(α) 
using Eqs. 6.15 and 6.16, respectively. It should be noted that the procedure for 
calculated the activation energy by Málek method is same with Friedman method. 
Therefore, in this section, the Ea which were calculated in the previous section was 
used as the activation energy in this section. Fig. 6.8 and 6.9 show the variation of y(α) 
and z(α) values with conversion, respectively. The values of both y(α) and z(α) were 
normalized within the (0, 1) for various heating rates.  
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Fig. 6.9 Variation of z(α) function versus conversion for nanocellulose/epoxy nanocomposites at different 
heating rate with various addition of nanocellulose : (a) 0 %; (b) 0.0175 %; (c) 0.035 %; (d) 0.0525 % and (e) 
0.07 %. 
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Table 6. 8 The values of αp, αM and αp
∞ obtained from DSC thermograms analysis  
Dosage of 
nanocellulose 
(%) 
Heating rate 
(ºC min
-1
) 
αp αM αp
∞ 
0 
5 0.6085 0.0458 0.6342 
10 0.6273 0.0255 0.6447 
15 0.6107 0.0785 0.6363 
20 0.6179 0.0298 0.6415 
0.0175 
5 0.6176 0.0516 0.635 
10 0.6164 0.0233 0.6487 
15 0.6121 0.2421 0.6384 
20 0.6168 0.0217 0.6416 
0.035 
5 0.5446 0.0229 0.5752 
10 0.5714 0.0148 0.6015 
15 0.5696 0.0225 0.5953 
20 0.5597 0.0138 0.5977 
0.0525 
5 0.6047 0.026 0.6244 
10 0.5974 0.0146 0.6292 
15 0.6072 0.0164 0.6366 
20 0.6064 0.0169 0.6309 
0.07 
5 0.5912 0.2256 0.6153 
10 0.6005 0.257 0.6247 
15 0.6079 0.2346 0.6289 
20 0.5980 0.2514 0.6244 
(αp the fractional conversion at the maximal heat flow, αM the fractional conversion at the maximum of y(α) 
function and αp
∞ the fractional conversion at the maximum of z(α) function) 
                          
Maxima of y(α) and z(α) function are the main parameters to decide the choice of the 
kinetic model [609]. The values of αp, αM and αp
∞
 obtained from DSC thermograms 
analysis were shown in Table 6.8. As Table 6.8 shows, these values are independently 
of the heating rate. The values of αM are higher than 0, but lower than αp
∞
, furthermore 
the value of αM are not 0.632. Therefore, according the Málek method (see Fig. 6.1), 
the better kinetic model for nanocellulose/epoxy nanocomposite is Šesták-Berggren 
(SB) kinetic model. This indicates that the nanocellulose/epoxy systems still has 
autocatalytic feature of epoxy. The Šesták-Berggren kinetic model can be expressed 
as follow [641]: 
nm )()(f   1  (Eq. 6.21) 
where m and n are the kinetic exponents [609]. The kinetic parameter n can be 
obtained by the slope of the linear dependence ln(dα/dt) ex) vs ln(αp(1-α)), and 
pnm   (Eq. 6.22) 
where  
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M
Mp




1
 (Eq. 6.23) 
Table 6.9 shows the kinetic parameter evaluated by SB kinetic model, as it is shown 
in Table 6.8, the variation of the kinetic parameter values with the heating rate is 
placed in the experimental errors limit (within 10 % of the average value). To check 
the correctness of the SB kinetic model, plots of dα/dt vs temperature for various 
dosages of nanocellulose were pictured in Fig. 6.10 by using the data listed in Table 
6.9. By comparison, the predicated curves of thee thermograms fit well with the 
experimental results (dots shown in Fig. 6.10). This indicates that two parameter SB 
model well describes the curing process of nanocellulose/epoxy resin systems.  
 
Table 6. 9 The kinetic parameters evaluated for the curing of the tested epoxy with various dosages of nanocellulose 
Dosage 
of nano 
(%) 
Heating 
rate (ºC 
min-1) 
Ea              
(KJ 
mol-1) 
m Mean m n Mean n lnA Mean lnA 
0 
5 
52.4673 
0.03841 
0.04093 
0.80026 
0.85331 
13.24284 
13.26891 
10 0.02273 0.86874 13.24582 
15 0.0766 0.89919 13.32214 
20 0.02596 0.84504 13.26483 
0.0175 
5 
49.0413 
0.04704 
0.08727 
0.86451 
0.8512 
12.0765 
12.08712 
10 0.01987 0.83301 12.09085 
15 0.26254 0.8219 12.16716 
20 0.01964 0.88539 12.01396 
0.035 
5 
57.0912 
0.02413 
0.01895 
1.02945 
1.00508 
14.00609 
14.06559 
10 0.01566 1.04258 14.10455 
15 0.02234 0.97055 14.1031 
20 0.01368 0.97775 14.04864 
0.0525 
5 
56.1063 
0.02468 
0.01789 
0.92449 
0.95086 
14.28489 
14.346 
10 0.01299 0.87696 14.34393 
15 0.01727 1.03598 14.37146 
20 0.01661 0.966 14.38372 
0.07 
5 
48.5199 
0.24792 
0.27739 
0.851 
0.86661 
14.29123 
14.27003 
10 0.3029 0.8757 14.27457 
15 0.26687 0.87069 14.26706 
20 0.29185 0.86904 14.24727 
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Fig. 6.10 Comparison of experimental (dot) and that predicated from SB model with various dosages of 
nanocellulose : (a) 0 %; (b) 0.0175 %; (c) 0.035 %; (d) 0.0525 % and (e) 0.07 %. (Solid curves= experimental 
data; dashed curves=predicted data ) 
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6.5 Interim conclusions 
 
In this chapter we investigated the second application of nanocellulose, i.e. 
nanocellulose nanocomposite. Epoxy was used as the matrix, and DETA was used as 
the curing agent of the matrix. Nanocellulose was modified by the curing agent 
(DETA). ATR-FTIR results showed that carboxylic acid ammonium salt was 
introduced into the nanocellulose under the DETA modification.  
 
The preparation of modified nanocellulose/epoxy nanocomposite was optimized by 
the single factor method. The optimized results showed that the best mechanical 
properties of nanocomposite can be obtained under the conditions: curing temperature 
130 ºC, and dosage of nanocellulose 0.035 %. Compared with epoxy, the modulus, 
tensile stress and tensile strain of the modified nanocellulose/epoxy nanocomposite 
increased 1.42 %, 15.44 % and 27.47 % respectively. The DETA modification 
facilitates the dispersion of nanocellulose into epoxy. FEG-SEM showed that the size 
of nanocellulose particle in the matrix can decrease from 785 nm to 350 nm. 
Compared with the unmodified nanocellulose/epoxy nanocomposite, the modulus, 
tensile stress and tensile strain of the modified nanocellulose/epoxy nanocomposite 
were increased by 4.93 %, 29.36 % and 57.49 % respectively. 
 
DSC was used to investigate the effect of nanocellulose on the cure kinetics of epoxy. 
Three methods were employed for the analysis of cure kinetics, i.e. KAS, Friedman 
and Málek method. Substantially different of activation energy values can be found 
between Friedman method and KAS. The cure kinetics results which were calculated 
by Málek method showed that the DETA modified nanocellulose/epoxy systems still 
has autocatalytic feature of epoxy and Šesták-Berggren kinetic model can describe the 
curing process of DETA modified nanocellulose/epoxy resin systems very well. 
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Chapter 7 Conclusions 
 
7.1 Major conclusions 
 
This project focused on the (i) efficient production of nanocellulose from hemp fibres, 
and (ii) the application of nanocellulose, including the modification of hemp fibres 
with nanocellulose and the reinforcement of epoxy with nanocellulose. 
 
The oxidation/sonication method was developed successfully to fabricate 
nanocellulose. RSM based on a five-level-four-variable CCD was employed to 
optimize the preparation conditions of nanocellulose, the yield of nanocellulose up to 
54.11 % under the optimal condition, i.e. hydrolysis time 5h, hydrolysis temperature 
67 °C, dosage of swelling agent 4.00 % and dosage of oxidant 70 %. 
 
The nanocellulose was then characterized systematically by employing various 
analytical instruments. Three main characteristics of the nanocellulose, namely, size 
distribution and morphologies, chemical structure and crystalline, and thermal 
properties, were characterized. NTA results disclosed that oxidation/sonication 
method was able to fabricate nano-scale cellulose. This result was evidenced by the 
morphologies characterization with AFM and FEG-SEM. Morphologies analysis 
revealed that nanocellulose fabricated by oxidation/sonication had a low aspect ratio 
value (only 4) far less than that of acid method or mechanical method. XPS analysis 
revealed that hydroxyl groups in cellulose were oxidized into carboxyl groups during 
the oxidation/sonication process. ATR-FTIR results further reveal that parts of 
hydroxyl group in C2, C3 and C6 were during the process. XRD measurement 
showed that CI for hemp yarn and nanocellulose were 84.66 % and 86.59 % 
respectively. This indicated that the oxidation/sonication did not damage the 
crystalline structure of cellulose. DSC results showed that nanocellulose had lower 
carbonization temperature and thermostability. 
. 
The first application of nanocellulose in this project was the modification of hemp 
fibres with nanocellulose. Deformation of hemp fibres was the main research point in 
this part. 
 
Four forms of deformation were found from hemp fibres, the MFA of S2 inner layer at 
fracture point which was measured by optical and their mean value was 6.16°. This 
indicated that deformation is the weak link point of fibres. The mechanism of 
deformation on the mechanical properties of hemp fibres was further revealed by 
employing spectroscopy technology. The crystallinity index examined by FTIR was 
48.4 % for the hemp without deformations and 41.3 % for those within deformation 
regions, showing a significant reduction of crystallinity in the deformations. The 
chemical structure of deformations in hemp fibres was further revealed by FTIR. 
Weaker inter-and intra-molecular hydrogen bonding in the deformations of hemp 
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fibres were found by the deconvolution of FTIR spectra in the OH stretching region. 
This may be the main cause that induced the decrease of tensile strength in the hemp 
fibres, especially the intramolecular hydrogen bond of O(3)H---O(5). The FTIR 
spectra from 1370 cm
-1
 to 1330 cm
-1
 illustrated that the band at 1368 cm
-1
 and 1363 
cm
-1 
disappeared in deformation regions, indicating the removal of the hemicelluloses 
in deformations and hence possible loss of lignin. The deconvolved FTIR spectra 
from 1330 cm
-1
 to 1215 cm
-1
 showed the S ring stretching, CH2 rocking at C6 in 
cellulose, G ring stretching, C-C plus C-O plus C=O stretch and COH bending at C6 
in cellulose, indicating reduction of lignin content in the deformation regions. The 
ratio of S (Syringyl, 1325cm
-1
)/ G (Guaiacyl, 1259 cm
-1
) was 1.1 for the hemp 
without deformations comparing to 0.9 for the deformation regions, indicating higher 
cellulose content in the deformation regions. The effect of deformation on the 
modification which was carried out by DTAB-nanocellulose nanotechnology was 
revealed by EDX which showed that deformations affected the absorption of DTAB 
significantly. In the deformation of hemp fibres, the absorption ratio of DTAB was 
0.98, while in the region without deformation this value was only 0.59. This indicated 
that much more nanocellulose was adsorbed on the deformation of hemp fibres 
 
The reinforcing mechanism of the two-step nanocellulose modification on hemp 
fibres was also revealed by employing other two instruments, i.e. FEG-SEM and 
XRD. FEG-SEM results showed that nanocellulose covers the deformation of fibres 
with two ways, namely, (i) nanocellulose filling in the stria and (ii) bonding the 
inter-fibril on the gap between two fibrils. XRD results showed that the CI of 
un-modification, DTAB pretreatment and two-step modification were 55.17 %, 
65.95 % and 76.39 % respectively. This indicated that the two-step nanocellulose 
modification could improve the crystallinity index of hemp fibres. We conjecture that 
the increase of CI is caused by the formation of hydroxyl bonds between 
nanocellulose with hemp fibres in the S2 layers and the non-crystalline regions of 
hemp fibres. 
 
The interfacial property improvement of two-step modification on hemp fibres was 
investigated by employing XPS and ATR-FTIR. XPS confirmed that much more 
unsaturated polyester could be absorbed on the fibres with two-step modification. 
ATR-FTIR characterization showed that (i) the higher resin adsorption may be due to 
the esterification between hydroxyl groups at C-2 and C-6 of nanocellulose and 
carboxyl groups of unsaturated polyester, and (ii) the nanocellulose modification can 
benefit the adhesion of styrene on the surface of the modified fibres. 
 
The second application of nanocellulose was the fabrication of nanocellulose/epoxy 
nanocomposite. DETA was used to modify nanocellulose. The preparation of 
nanocellulose/epoxy nanocomposite was optimized by single factor method. The 
optimized results showed that the maximal mechanical properties of nanocomposite 
can be obtained under the conditions: curing temperature 130 ºC, dosage of 
nanocellulose 0.035 %. Compared with epoxy, the modulus, tensile stress and tensile 
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strain of the modified nanocellulose/epoxy nanocomposite increased 1.42 %, 15.44 % 
and 27.47 % respectively. The DETA modification facilitates the dispersion of 
nanocellulose into epoxy. FEG-SEM showed that the size of nanocellulose particle in 
the matrix can decrease from 785 nm to 350 nm. Compared with the unmodified 
nanocellulose/epoxy nanocomposite, the modulus, tensile stress and tensile strain of 
the modified nanocellulose/epoxy nanocomposite were increased by 4.93 %, 29.36 % 
and 57.49 % respectively. 
 
DSC was used to investigate the effect of nanocellulose on the cure kinetics of epoxy. 
Three methods were employed for the analysis of cure kinetics, i.e. KAS, Friedman 
and Málek method. Substantial difference in activation energy values can be found 
between Friedman method and KAS. The cure kinetics results which were calculated 
by Málek method showed that the DETA modified nanocellulose/epoxy system still 
have autocatalytic feature of epoxy and Šesták-Berggren kinetic model can describe 
the curing process of DETA modified nanocellulose/epoxy resin systems very well. 
 
7.2 Recommendation for future work 
 
Further investigation on the feature of natural fibres treated with nanocellulose is 
required in order to thoroughly understand the reaction of nanocellulose with natural 
fibres. 
1. The efficiency of nanocellulose production could be further improved.  
2. It is desirable to carry out a large scale of production for nanocellulose from raw 
hemp fibres. 
3. The similar technologies could be applied to other natural fibres, such as, wood, 
flax, straw or other materials. Therefore, future work on these has great potential. 
4. Nanocellulose-epoxy composites should be studied further for better 
understanding of their functionality of nanocellulose, such as state of the 
nanocellulose within the composites. 
5. Up-scaling production of nanocellulose for specific application has been planned 
in the research group.  
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Abstract: 
Dislocations were thought the weakest link in natural fibres which had negative effects on the 
tensile strength of the fibres. This paper presents a systematic approach to examine the 
dislocations in hemp fibres firstly by optical microscopy (OM) and field emission scanning 
electron microscopy (FE-SEM) for the morphologies of the dislocations and then by X-ray 
diffraction (XRD) and Fourier transform infrared spectroscopy (FTIR) for the crystallinity index 
and hydrogen bonds and main chemical compositions of the dislocation regions in hemp fibres. 
The results showed that i) dislocations resulted in fibril distortion and intensified amorphous 
features of hemp fibres; ii) crystallinity index reduced from 48.4 % examined by FTIR and 56.0 % 
by XRD determination for hemps without dislocations to 41.3 % for the dislocation regions; iii) 
the FTIR spectra showed much higher absorbance of hemp fibres without dislocations which was 
two times that of dislocation regions across the whole range of wavenumbers; iv) deconvolving 
spectra in O-H stretching region showed a lower number of hydrogen bonds, weaker inter- and 
intra- molecular hydrogen bonding in the dislocation regions, indicating a possible decrease in the 
tensile strength of hemp fibres; v) the FTIR spectra indicated the removal of the hemicelluloses in 
dislocation regions and hence possible loss of lignin because of disappearing the bands at 1368 
cm
-1
 , 1363 cm
-1
 and 1506 cm
-1
; vi) the spectra in fingerprint region gave rise to the ratio of 
syringyl (S) / guaiacyl (G) of 0.9 in dislocation regions which was lower than that (1.1) of hemp 
without dislocation, this means a significant reduction of lignin content and a higher cellulose 
content in the dislocation regions. 
 
Keywords: Natural fibre; FTIR spectra; Hydrogen bonds 
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1 Introduction 
According to the “weakest-link” theory [1], materials are made up of smaller elements linked 
together. The failure of the material as a whole occurs when any one of these elements or `links' 
fails. The weakest point in natural fibre could be where there is a dislocation (flaw) or where fibre 
diameter (diameter variations) is small or a combination of both [2]. Dislocations in natural fibres 
are also called nodes, slip planes, micro-compressions, misaligned zones, etc. [3]. Correlation 
between fibre performance and the occurrence of dislocations can be established by using kink 
index [4] and the other indices [5, 6]. A novel HCl method has also developed for the 
quantification of dislocations of pulp fibres and other weak points in different types of fibres 
[7-11]. Dislocations have negative effect on the mechanical properties of paper made from fibres 
[12-14]. Dislocations not only result in a decrease in the tensile strength and behavior of single 
fibre [15], but also affect the strength of composites. Investigations done by Focher et al. [16] and 
Hughes et al. [17] showed that stress concentrations around dislocations of flax, hemp can act as 
sites for the initiation of fibre-matrix debonding as well as the formation of micro-cracks in the 
matrix. 
 
Several approaches have been tried to visualize the dislocation of natural fibres. The first of these 
is the quantification of dislocations in natural fibres by using a polarized light microscopy (PLM) 
or natural light optical microscopy (OM). This has been used to characterize the surface of 
dislocations in fibres and quantify the “dislocation number” [18-24]. The second of these 
methodologies is the image analysis [25] with PLM. This is to measure the proportional area of 
the bright regions of the fibres from the images by using a PLM. Compared to the first approach 
discussed above, this approach has the advantage of implicitly quantifying the width and length of 
the dislocations from the two-dimensional image. This method has been enhanced further by 
Thygesen and Hoffmeyer [26], who studied the effects of light intensity and the fibre angle 
(relative to the polarizer) and develop a procedure for semi-automatic determination of the 
proportion of dislocations for single hemp fibres. The third of these methods is the confocal 
scanning laser microscopy (CSLM) proposed by Bos et al.[27], who applied this method to 
observe the deformed areas of flax fibres. They later also used the emission scanning electron 
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microscopy (ESEM) to investigate the dislocation behavior of single elementary flax fibres and 
found that the primary and the secondary cell wall of flax fibre showed different dislocation 
behavior. The primary cell wall broke in a brittle manner, whereas in the secondary cell, due to its 
fibrillar nature, a coarse crack grew, bridged by fibrils. The secondary cell wall was also been 
found to split relatively easily along the length direction [28]. However, dislocations were found 
more numerous and more visible in the images from PLM than from SEM [29]. 
 
Fourier transform infrared spectroscopy (FTIR) has been considered one of the best tools to study 
the change of native cellulose supermolecular structure. This paper employs this technology 
(FTIR) to study the dislocations in natural (hemp) fibres aiming at a better understanding of the 
fracture behavior, structure and bonding systems within dislocation regions of the natural fibres.  
 
2 Materials and Methods 
2.1 Materials 
Hemp fibres were supplied by a Hemp Farm & Fibre Company Ltd, UK. The fibres were treated 
by retting previously. The hemp fibres arrived in a form of fibre bundles. Individual fibres were 
randomly and gently isolated from fibre bundles to eliminate any further damage during the 
processing. The isolated fibres were conditioned at 20±2°C and 65±2% relative humidity before 
uses. 
 
2.2 Sampling and testing 
Test procedures are outlined in Figure 1 and the details of main tests are given as follows: 
 
2.2.1 Optical microscopy examination (OM) 
The isolated single fibres were firstly subjected to the OM observation process to determine the 
diameter (breadth) and the dislocations of the fibres. The fibres with diameter/breadth less than 50 
µm and with dislocations across the length of the fibres were selected and divided into two groups. 
One group was subjected to tensile loading and the other group for field emission scanning 
electron microscopy (FE-SEM) examination to investigate the morphologies of dislocations 
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(Figure 1). 
 
2.2.2 FE-SEM characterization 
Dislocation of hemp fibres were firstly examined with a Zeiss Supra 35 VP field emission 
scanning electron microscopy (FE-SEM). The test pieces were coated with thin layer platinum on 
the surface in an Edwards S150B sputter coater to provide electrical conductivity. Following 
coating, samples were observed and operated at 10 kV using the secondary electron mode with 
images collected digitally. 
 
2.2.3 Tensile test 
The conditioned individual fibre was temporarily fixed on the mounting card (Figure 2) with 
adhesive tape. A droplet of glue was applied on the centre of both sides of the hole along the 
length of card. Subject the test pieces to tensile strength test by using Instron 5566 at a crosshead 
speed of 0.1 mm/min and with 25 mm gauge length. It must be noted the optical microscopy was 
used to determine the fibre diameter and only the samples with diameter less than 50 μm were 
used. About 1000 samples were tested. 
 
2.2.4 FTIR analysis 
The test pieces with failure within dislocation cluster (region) were collected after tensile tests. 
About 0.5 mm length of fibre around fracture points in each test pieces was cut with scissors and 
such generated two groups of materials: one with fracture (M1) and the other without fracture; the 
latter group of materials (i.e. those without fracture) was further divided into two parts (M2 and 
M3). It must be noted that the size of a single dislocation ranges from a few micron to 100 μm, but 
for hemp fibres multi-dislocations normally exist as a cluster, and the cluster of multi-dislocations 
and less defect region spread one after another (Figure 3a). Under tension test, the failure always 
locates within this dislocation cluster if the test pieces contain both dislocation cluster and less 
defect region. M1 and M2 materials (without drying) were then further processed and examined 
by using FTIR measurement which uses a Perkin-Elmer spectrometer and the standard KBr pellet 
technique. A single-beam background spectrum of 16 scans between 650 cm
-1
 and 4000 cm
-1
, with 
a resolution of 2 cm
-1
 was recorded with a blank KBr pellet sample, and this spectrum was stored 
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in the background file. Sample spectra were recorded in absorbance mode and were automatically 
ratioed to the single-beam background most recently entered in the background file. Hemp fibres 
were ground in mortar with pestle. Then 1 mg of fibres the size between 40 and 60 mesh were 
ground and mixed with 100 mg KBr and then pressed into a pellet for FTIR measurement. Three 
samples were used. The average spectra for both without and with dislocation of fibres were used 
for the evaluation. 
 
The spectra were linear baseline-corrected using the Omnic V.8 software to correct spectral drifts. 
After correction, the data of spectra were exported as CSV files for the evaluation of crystallinity 
index. The recorded FTIR (3660-3000 cm
-1
) and (1330-1215 cm
-1
) were deconvolved using Peak 
Fit V.4.12 software. Deconvolution was performed using Gaussian peak shape and a full width at 
half maxima (fwhm; cm
-1
) of 20-40 cm
-1
 and 10-20 cm
-1 
respectively. All data were analyzed and 
compared on the basis of peak areas. Selection of peaks and calculations of peak areas as a 
measure of spectral intensity were performed by maximum likelihood peak fitting and all data 
were fitted with r
2
 values above 0.99.   
 
2.2.5 XRD analysis  
M3 materials were subjected to a powder X-ray diffraction method analysis (PXRD). For this 
analysis, a D8 advanced Bruker AXS diffractometer, Cu point focus source, graphite 
monochromator and 2D-area detector GADDS system were used. The diffracted intensity of 
CuKα radiation (wavelength of 0.1542 nm) was recorded between 5° and 40° (2θ angle range) at 
40 kV and 40 mA. Samples were analyzed in transmission mode. The unit cell of hemp fibre was 
calculated by DIFFRAC 
plus
 software, and the crystallinity index (CI) was evaluated by using 
Segal et al. empirical method [30] as follows: 
100
)(
%
002
002 


I
II
CI am   (1) 
where I002 is the maximum intensity of diffraction of the (002) lattice peak at a 2θ angle of 
between 22° and 23°, which represents both crystalline and amorphous materials. And Iam is the 
intensity of diffraction of the amorphous material, which is taken at a 2θ angle between 18° and 
19° where the intensity is at a minimum [31]. It should be noted that the crystallinity index is 
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useful only on a comparison basis as it is used to indicate the order of crystallinity rather than the 
crystallinity of crystalline regions. 100 replicates were used. 
 
3 Results and Discussion 
3.1 Morphologies of dislocation 
The morphologies of dislocations observed by OM and FE-SEM are given in Figure 3a and 3b. 
The fracture within dislocation regions and that without dislocations are also showed in Figure 3c 
and 3d respectively. It is evident that OM could not provide the detailed features of the dislocation 
except the black color around the surface of the fibres (Figure 3a). However, the method is able to 
identify the dislocation easily and quickly.  
 
The results from FE-SEM shows that overall the surface of dislocations of hemp fibres looks more 
amorphous than that of hemp fibres without dislocations (Figure 3b). This may be due to the loss 
of hemicelluloses or lignin, which could combine fibrils together, after beating, mechanical 
treatment or other effects (e.g. acidic exposures). It is also evident that the fibrils distort in the 
dislocation regions, which could affect the stiffness and stress of fibres with the stiffness and stress 
decreasing with the increase of dislocation angle. Figures 3c and 3d compare different fractures 
within dislocation regions and that without dislocation, showing different fracture behavior with a 
form of fibrillar break in dislocation regions and a form of granular break in the other regions.  
 
3.2 Crystallinity index of dislocation 
The crystallinity index of dislocation regions of hemp fibres were determined by FTIR 
spectroscopy (CI (IR)). X-ray crystallography examination was also included for a comparison. 
The results of CI determined for hemp fibres both with and without dislocations are given in Table 
1 and an example of X-ray powder diffraction photograph for hemp fibres without dislocation are 
given in Figure 4. It must be noted that for IR evaluation, the ratios of absorbance at 1423 cm
-1
 
and 895 cm
-1
, 1368 cm
-1
 and 2883 cm
-1
 or 1368 cm
-1
 and 662 cm
-1
 are normally used to measure 
CI [e.g. 32-35]. In this study, the ratio of absorption band A1368/A2883 is above 1 which seems to be 
unsuitable for evaluation, while the ratios of absorption band A1423/A895 and A1368/A662 are 72.6 % 
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and 48.4 % respectively. The value calculated by using Segal empirical method is 56.0 %, 
indicating that the ratio of absorption band A1368/A662 is more suitable for CI evaluation. Table 1 
shows that the CI (IR) in dislocation regions is only 41.3 %, which is lower than that of without 
dislocation region of hemp fibres. According to two-phase model theory [36], there exist two 
regions in cellulose chain, namely amorphous and crystalline regions. The higher CI in the hemp 
fibres without dislocation indicates that there exist a higher content of crystalline regions in the 
hemp without dislocation than in dislocation regions.  
 
3.3 Hydrogen bonds of cellulose in dislocations 
Figure 5 shows the FTIR spectra of hemp fibres without dislocation and dislocation regions. The 
peak positions of the major IR bands are summarized and compared in Table 2. It can be seen that 
the absorbance of hemp fibres without dislocations in the X-H (O-H and C-H) stretching region is 
much higher than that with dislocations (Figure 5).  
 
The IR absorption bands for OH stretching region (Region 1 in Figure 5) in without dislocation 
and dislocation regions were deconvolved into four bands for a curve fitting as shown in Figures 
6a and 6b. The peak positions of the four bands for hemp fibres with and without dislocations are 
summarized in Table 3. The bands are 3450 cm
-1
 (1), 3346 cm
-1
 (2), 3262 cm
-1
 (3) and 3161 cm
-1
 
(4) for the hemp without dislocations, and 3451 cm
-1
 (1), 3350 cm
-1
 (2), 3264 cm
-1
 (3) and 3167 
cm
-1
 (4) for the dislocation regions. These bands are related to the valence vibration of hydrogen 
bonded OH groups [62]: i.e. band 1 to the intramolecular hydrogen bond of O(2)H---O(6), band 2 
to the intramolecular hydrogen bond of O(3)H---O(5), band 3 to the intermolecular hydrogen bond 
of O(6)H---O(3`) and band 4 to the O-H stretching respectively. It can be seen that the 
wave-numbers of peak position of dislocations are higher than those of hemp fibre without 
dislocation. This indicates that the degree of hydrogen bonding in dislocation regions is lesser than 
that in without dislocation regions. Furthermore, it can be seen from figure 6a and 6b that the 
absorbance of these bands in the dislocation regions is much lower than that in the regions without 
dislocations. The absorbance of the dislocation regions is only about 79.3 % for band 1, 64.4 % 
for band 2, 64.9 % for band 3 and 75.7 % for band 4 respectively against that of hemp without 
dislocations. These mean that the number of hydrogen bonds in dislocations is lower than in parts 
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without dislocations according to Beer-Lambert law. For example, the much more decrease of 
absorbance in band 2 which is assigned to the intramolecular hydrogen bond of O(3)H---O(5) 
indicates that in dislocation regions the cellulose molecular chains are more flexible than that in 
the hemp without dislocation. The formation of inter- and intramolecular hydrogen bonds in 
cellulose not only has a strong influence on the physical properties of cellulose (including 
solubility [63, 64], hydroxyl reactivity [65, 66], and crystallinity [67, 68]), but also plays an 
important role in the mechanical properties of cellulose [69]. The strain energy, calculated by 
Tashiro and Kobayashi [70], was found mainly being distributed to the deformation of the glucose 
rings (about 30.0 %), the bending of the ether linkages connecting the adjacent rings (about 
20.0 %) and the O(3)H---O(5) hydrogen bond (about 20.0 %). This comes to a conclusion that the 
weaker inter- and intramolecular hydrogen bonding in the dislocations may be the main cause that 
induces the decrease of tensile strength in the hemp fibres, especially the intramolecular hydrogen 
bond of O(3)H---O(5). 
 
3.4 Hemicellulose and lignin in dislocations 
A scrutiny of the IR spectra from 1370 cm
-1
 to 1330 cm
-1
 shows that the band at 1368 cm
-1
 and 
1363 cm
-1 
almost disappear in dislocation regions (Figure 7a). The bands at 1368 cm
-1
 and 1363 
cm
-1 
assigned as the in-plane CH bending may be from hemicellulose or cellulose. The near 
disappearance of bands of 1368 cm
-1
 and 1363 cm
-1 
may be probably due to the removal of the 
hemicelluloses in dislocation regions. Hemicelluloses can form a linkage between cellulose and 
lignin, permitting the effective transfer of shear stress between cellulose microfibrils and the lignin 
[71]. Hemicellulose also can form lignin-carbohydrate complex with lignin by ether bonds [72]. 
The removal of hemicelluloses in dislocation regions may cause the decrease of transfer of shear 
stress under tensile loading and loss of lignin as well. 
 
Figure 7b shows the FTIR spectra of hemp fibres with and without dislocations from 1330 cm
-1
 to 
1215 cm
-1
. It must be noted that the S ring stretching, CH2 rocking at C6 in cellulose, G ring 
stretching, C-C plus C-O plus C=O stretch and COH bending at C6 in cellulose could normally be 
seen in bands at 1325, 1314, 1259, 1245 and 1232 cm
-1
 respectively for the hemp fibres without 
dislocation. Due to overlapping of the bands, only two peaks can be seen in Figure 7b. The 
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deconvolved FTIR spectra in Figure 7b are shown in Figures 8a (without dislocation) and 8b 
(dislocation regions). Lignins are composed of three basic units, namely p-hydroxyphenyl (H), 
guaiacyl (G) and syringyl (S) [50]. Guaiacyl (G) and syringyl (S) are the main units of lignin, but 
the ratio of S/G varies from one to another plant. It was reported recently by del Río et al. [52] that 
S/G values calculated upon FTIR were in agreement with those calculated upon Py-GC/MS at the 
bands of 1271 cm
-1
 and 1327 cm
-1
 respectively. However, in this study, the bands at 1271 cm
-1
 and 
1327 cm
-1
 assigned as G ring stretching and S ring stretching respectively were found shifted to 
lower wavenumbers. For the hemp fibres without dislocations (Figure 8a), the G ring and S ring 
stretching appear at the bands of 1259 cm
-1
 and 1325 cm
-1
, for the dislocation regions, they appear 
in the wavenumbers of 1261 cm
-1
 and 1325 cm
-1
 (Figure 8b). The ratio of S/G in hemp plant was 
reported as about 0.8 (molar contents of G-lignin is 51.0 %, molar contents of S-lignin is 40.0 %) 
[52], but in this study, the ratio of S/G is 1.1 for the hemp fibre without dislocations and 0.9 for the 
dislocation regions. According to the investigation carried out by Love et al. [73], syringyl-rich 
areas of the lignin network were more rigid than guaiacyl-rich areas. It could therefore be 
concluded that the lignin network in the parts without dislocations would be more rigid than that 
in dislocation regions. The lower absorbance in dislocations means that the lignin was removed 
from dislocation regions. It can such be concluded from this study that the cellulose content in 
dislocations would be higher than that in hemp fibres without dislocations. 
 
4 Conclusions 
In this paper a systematic approach has been developed to examine the dislocations in hemp fibres 
firstly by optical microscopy (OM) and field emission scanning electron microscopy (FE-SEM) 
for the morphologies of the dislocations and then by X-ray diffraction (XRD) and Fourier 
transform infrared spectroscopy (FTIR) for the crystallinity and hydrogen bonds and chemical 
compositions of the dislocation regions of hemp fibres. The developed morphologies of the 
dislocations showed that the surface of hemp fibres within the dislocation regions was more 
amorphous than those without dislocations. The fibrils within the dislocations regions were 
distorted. 
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Both XRD and FTIR were able to examine the crystallinity index of the dislocations. The CI 
examined by FTIR was 48.4 % for the hemp without dislocations and 41.3 % for those within 
dislocation regions, showing a significant reduction in the crystallinity due to the dislocations. The 
CI obtained by XRD was 56.0 %. 
 
The deconvolved four bands of the OH stretching region gave rise to a clear indication of changes 
in the valence vibration of hydrogen-bonded OH groups: i.e. the intramolecular hydrogen bond of 
O(2)H---O(6) (3451 cm
-1
), the intramolecular hydrogen bond of O(3)H---O(5) (3350 cm
-1
), the 
intermolecular hydrogen bond of O(6)H---O(3`) (3264 cm
-1
) and the O-H stretching (3167 cm
-1
), 
with the absorbance of these bands in the dislocation regions being much lower than that in the 
regions without dislocations. The weaker inter- and intra-molecular hydrogen bonding in the 
dislocations could be the main cause that induced the decrease of tensile strength in the hemp 
fibres, especially the intramolecular hydrogen bond of O(3)H---O(5). 
 
The FTIR spectra from 1370 cm
-1
 to 1330 cm
-1
 illustrated that the band at 1368 cm
-1
 and 1363 
cm
-1 
disappeared in dislocation regions, indicating the removal of the hemicelluloses in 
dislocations and hence possible loss of lignin. The deconvolved FTIR spectra from 1330 cm
-1
 to 
1215 cm
-1
 showed the S ring stretching, CH2 rocking at C6 in cellulose, G ring stretching, C-C 
plus C-O plus C=O stretch and COH bending at C6 in cellulose, indicating reduction of lignin 
content in the dislocation regions. The ratio of S (Syringyl, 1325cm
-1
)/ G (Guaiacyl, 1259 cm
-1
) 
was 1.1 for the hemp without dislocations comparing to 0.9 for the dislocation regions, indicating 
higher cellulose content in the dislocation regions. 
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Figure Captions: 
 
Fig.1 Schematic of testing procedures 
Fig.2 Set-up of single fibre test: a=specimen mount, b=test specimen mounted on the mount 
(dimensions in mm) 
Fig 3 Dislocation of hemp fibres (a) by Optical Microscopy (x 50 magnification), (b) by FE-SEM 
(x 1500 magnification), (c) the fracture within dislocation regions (x 500 magnification) and 
(d) without dislocation (x 500 magnification)  
Fig.4 X-ray diffractogram of hemp fibres without dislocation 
Fig.5 FTIR spectra of hemp fibres without dislocation and dislocation regions 
Fig.6 Deconvolved FTIR spectra of the υOH region of hemp without dislocation (a) and dislocation 
regions (b) 
Fig.7 FTIR spectra of hemp fibres from 1370 cm
-1
 to 1330 cm
-1
(a); from 1330 cm
-1
 to 1215 cm
-1
 
(b): with and without dislocation  
Fig.8 Deconvolved FTIR spectra from 1330 to 1215 cm
-1
 of without dislocation (a) and 
dislocation regions (b)  
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Fig.1 Schematic of testing procedures 
 
 
Fig.2 Set-up of single fibre test: a=specimen mount, b=test specimen mounted on the mount 
(dimensions in mm) 
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Fig 3 Dislocation of hemp fibres (a) by Optical Microscopy (x 50 magnification), (b) by FE-SEM (x 1500 
magnification), (c) the fracture within dislocation regions (x 500 magnification) and (d) without dislocation (x 
500 magnification)  
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Fig.4 X-ray diffractogram of hemp fibres without dislocation 
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Fig.5 FTIR spectra of hemp fibres without dislocation and dislocation regions 
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    Fig.6 Deconvolved FTIR spectra of the υOH region of hemp without dislocation (a) and dislocation regions (b). 
(Solid curves=calculated data; dotted curves=experimental data).  
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Fig.8 Deconvolved FTIR spectra from 1330 to 1215 cm-1 of without dislocation (a) and dislocation regions (b).  
(Solid curves=calculated data; dotted curves=experimental data). 
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Fig.7 FTIR spectra of hemp fibres from 1370 cm-1 to 1330 cm-1(a); from 1330 cm-1 to 1215 cm-1 (b) with and 
without dislocation  
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Table Captions 
 
Table 1 Results of CI of hemp fibres determined by XRD and FTIR 
 
Without 
dislocation 
(XRD testing) 
Without dislocation 
(FTIR testing) 
 Dislocation regions            
(FTIR testing) 
2θ (°) 
Intensity  
(a.u) 
Wavenumber 
(cm-1) 
Absorbanc
e 
Wavenumber 
(cm-1) 
Absorbance 
19.11 (I am) 1822 662 0.1286 663 0.1131 
22.63 (I 002) 4144 1368 0.0621 1367 0.0467 
CI (%) 56.0 48.4 (c.v. 2.6%) 41.3 (c.v. 9.1%) 
 
Table 2 Band characteristics of FTIR spectra related to regions without and with dislocation regions 
Wavenumber (cm-1) 
range of peak 
∆υ(cm-1) Assignment Sources 
Without 
dislocation 
Dislocation 
regions  
3327 3332 5 OH stretching 
Cellulose, Hemicellulose 
[37, 38] 
2883 2882 -1 C–H symmetrical stretching 
Cellulose, Hemicellulose 
[38, 39] 
1724 1724 0 C=O stretching vibration 
Pectin, Waxes, 
Hemicellulose [40-43] 
1623 1624 1 OH bending of absorbed water Water [44] 
1506 disappear - 
C=C aromatic symmetrical 
stretching 
Lignin [45, 46] 
1423 1423 0 
HCH and OCH in-plane 
bending vibration 
Cellulose [37, 38, 47-50] 
1368, 1363 1367,1363 -1/0 In-the-plane CH bending 
Cellulose, Hemicellulose 
[38, 46, 51] 
1325 1325 0 S ring stretching Lignin [46, 52] 
1314 1313 -1 CH2 rocking vibration at C6 Cellulose [44, 48, 53] 
1259 1261 1 G ring stretching Lignin [46, 52]  
1245 1244 -1 
C-C plus C-O plus C=O 
stretch; G condensed > G 
etherfied 
Lignin-carbohydrate 
Complex [54] 
1232 1231 -1 COH bending at C6 Cellulose [45, 48] 
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1204 1199 -5 
C-O-C symmetric stretching, 
OH plane deformation 
Cellulose, Hemicellulose 
[44, 55]  
1152 1156 4 
C-O-C asymmetrical 
stretching 
Cellulose, Hemicellulose 
[37, 44, 56] 
1046 1043 -3 
C-C, C-OH, C-H ring and side 
group vibrations 
Cellulose, Hemicellulose 
[44, 45, 57] 
1020 1018 -2 
C-C, C-OH, C-H ring and side 
group vibrations 
Cellulose, Hemicellulose 
[44, 53, 56, 57] 
994 996 2 
C-C, C-OH, C-H ring and side 
group vibrations 
Cellulose, Hemicellulose 
[44, 53] 
895 894 -1 
COC,CCO and CCH 
deformation and stretching 
Cellulose [37, 44, 48, 50, 56] 
662 663 1 C-OH out-of-plane bending Cellulose [38, 55] 
 
 
Table 3 Hydrogen bonds characteristics of FTIR spectra related to without and with dislocation  
Wavenumber (cm-1) range of peak 
∆υ(cm-1) Assignment Without 
dislocation 
Dislocation regions 
3450 3451 1 O(2)H---O(6) intramolecular in cellulose [58] 
3346 3350 4 O(3)H---O(5) intramolecular in cellulose [58, 59] 
3262 3264 2 O(6)H---O(3`) intermolecular in cellulose [58-60] 
3161 3167 6 O-H stretching [61] 
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Chapter number 
Fourier Transform Infrared Spectroscopy for Natural Fibres 
Professor Mizi Fan1, 2), Dr Dasong Dai1, 2) and Professor Biao Huang2) 
 
Department of Civil Engineering, Brunel University, London, UB8 3PH, UK 
School of Material and Engineering, Fujian Agricultural and Forestry University, P.R. China 
 
1.  Introduction   
 
Infrared spectroscopy is nowadays one of the most important analytical techniques available to scientists. 
One of the greatest advantages of the infrared spectroscopy is that virtually any sample in any state may 
be analyzed. For example, liquids, solutions, pastes, powders, films, fibres, gases and surfaces can all be 
examined with a judicious choice of sampling technique. The review by Annette, Sudhakar, Ursula and 
Andrea [1-2] also demonstrates the applicability of dispersion infrared spectroscopy for natural fibres 
studies. 
 
Fourier transform infrared spectroscopy (FTIR) has facilitated many different IR sampling techniques, 
including attenuated total reflection and diffuses reflectance infrared Fourier transform (DRIFT) 
spectroscopy. It has dramatically improved the quality of infrared spectra and minimized the time 
required to obtain data. The increased speed and higher ratio of signal-to-noise of FTIR relative to 
dispersion infrared has lead to a substantially greater number of applications of infrared in natural fibres 
research. In addition, the constant advancing of computer and computing science has made infrared 
spectroscopy techniques striding further: The availability of a dedicated computer, which is required for 
the FTIR instrumentation, has allowed the digitized spectra to be treated by sophisticated data 
processing techniques and increased the utility of the infrared spectra for qualitative and quantitative 
purposes. With interferometric techniques, the infrared spectroscopy is being launched into a new era 
and interest in this technique is at an all time high. 
 
Cellulose, which acts as the reinforcing material in the cell wall, is the main constitute in natural fibres. 
The cellulose molecules are laid down in microfibrils in which there is extensive hydrogen bonding 
between cellulose chains, producing a strong crystalline structure. Much work has been published on the 
characterization of the hydrogen bonds in cellulose by using various techniques, among which FTIR has 
proved to be one of the most useful methods [3-6]. Furthermore, FTIR can provide researchers with 
further information on the super-molecular structure. FTIR can also be used to determine the chemical 
compositions of native natural fibres and the modified natural fibres. 
 
This chapter of the book describes the application of FTIR in the hydrogen bonds analysis, determination 
of structures and chemical compositions, and the morphology characterization for natural fibres.   
 
2. Hydrogen bonds analysis of natural celluloses by using FTIR  
 
A hydrogen bond is the attractive interaction of a hydrogen atom with an electronegative atom, such 
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as nitrogen, oxygen or fluorine, that comes from another molecule or chemical group. Cellulose is 
a liner polymer of 1-4 linked β-D-glucose (Figure 1). Hydroxyl groups in C2, C3 and C6 contribute to the 
formation of various kinds of inter- and intra-molecular hydrogen bonds. The formation of inter- and 
intra- molecular hydrogen bonds in the cellulose not only has a strong influence on the physical 
properties of cellulose, including solubility [7, 8], hydroxyl reactivity [9, 10] and crystallinity [11-12], but 
also plays an important role in the mechanical properties of the cellulose [13]. Calculated by Tashiro and 
Kobayashi [14] showed that hydrogen bonds contribute about 20% the strain energy to the cellulose. It is 
apparent that the investigation of hydrogen bonds on cellulosic fibres and other materials gives rise to 
great benefits for the research on all other aspects of natural fibres and related materials.  
 
 
 
Fig. 1. Chemical structure of cellulose  
 
 
Fig. 2. Synchronous 2D plot-cross-correlation of in- and out-of-phase spectra [3] 
 
X-ray diffraction has been a powerful tool [15-19] to investigate hydrogen bonds visualization, lengths 
and angles. FTIR is even a more advanced tool to study hydrogen bonds in cellulose. IR was firstly used 
to investigate hydrogen bonds in cellulose in the 1950s [e.g. 20-22] and then the whole area of OH 
stretching wave-number in IR spectra for cellulose I and cellulose II [23-24]. The OH stretching region 
always covers 3-4 sub-peaks and these sub-peaks cannot be determined in the original data set. Some 
mathematical methods (e.g. deconvolution [25-27] and second-derivative [28-30]) were used to identify 
the exact peak for hydrogen bonds. Hinterstoisser and Salmén [3, 31] recently used DMA-FTIR to 
investigate OH stretching vibration regions between 3700 and 3000 cm−1 in the cellulose. In their 
experiments, cellulose sheets were stretched sinusoidally at low strains while being irradiated with 
polarized infrared light. For the obtained dynamic IR signals (the in-phase and the out-of-phase 
responses of the sample), the dynamic IR cross-correlation can be defined. The responses of the 
OH-groups to an external perturbation can be recorded as in-phase and out-of phase spectra. The cross 
correlation of these spectra gave the 2D synchronous (Figure 2) and asynchronous (Figure 3) plots, 
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clearly showing the separated bands in the OH-vibration range and the relation of the OH-groups 
among them. It is apparent that most of the researchers have focused on the establishment of cellulose 
structure by investigating hydrogen bonds with FTIR. These (the structure of nature fibres) will be 
discussed in the next section. Few reports have described the correlation of hydrogen bonds with other 
characteristics of cellulose by using FTIR technologies. 
 
 
Fig. 3. Asynchronous 2D plot-cross-correlation of in- and out-of-phase spectra [3] 
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Fig. 4. Deconvolved FTIR spectra of the υOH region of hemp without dislocation (a) and dislocation 
regions (b). (Solid curves=calculated data; dotted curves=experimental data) [32] 
 
FTIR is very useful for examine the variation of hydrogen-bonds due to various defects [32]. The 
Nano-cellulose and Bio-composite Research Centre at Brunel University has investigated dislocations in 
natural fibres (hemp fibres) by using hydrogen-bonding characteristics under FTIR procedure. The test 
pieces were made from dislocation cluster (region) with the size of a single dislocation from a few 
microns to 100m. The test pieces were then processed and examined by using FTIR measurement by 
using a Perkin-Elmer spectrometer and the standard KBr pellet technique. The recorded FTIR spectra 
(e.g. 3660–3000cm−1) were deconvolved using Peak Fit V.4.12 software (Figure 4) and the peak positions 
of the major IR bands can be summarized and compared (Table 1). It can be found that the absorbance 
of hemp fibres without dislocations in the X–H (O–H and C–H) stretching region is much higher than 
that with dislocations. The peak positions of the four bands for hemp fibres with and without 
dislocations are 3450cm−1 (1), 3346cm−1, 3262cm−1 and 3161cm−1 for the hemp without dislocations, and 
3451cm−1, 3350cm−1, 3264cm−1 and 3167cm−1 for the dislocation regions. These bands are related to the 
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valence vibration of hydrogen bonded OH groups [26]: i.e. band 1 to the intra-molecular hydrogen bond 
of O(2)H---O, band 2 to the intra-molecular hydrogen bond of O(3)H---O, band 3 to the intermolecular 
hydrogen bond of O(6)H---O and band 4 to the O---H stretching respectively.  
 
Peak wavenumber 
(without dislocation) 
(cm−1) 
Peak wavenumber 
(with dislocation) 
(cm−1) 
 
(cm−1) 
Bonds 
3327 3332 5 OH stretching 
2883 2882 -1 C–H symmetrical stretching 
1724 1724 0 C=O stretching vibration 
1623 1624 1 OH bending of absorbed water 
1506 disappear - C=C aromatic symmetrical stretching 
1423 1423 0 HCH and OCH in-plane bending vibration 
1368, 1363 1367,1363 -1/0 In-the-plane CH bending 
1325 1325 0 S ring stretching 
1314 1313 -1 CH2 rocking vibration at C6 
1259 1261 1 G ring stretching 
1245 1244 -1 
C-C plus C-O plus C=O stretch; G condensed > 
G etherfied 
1232 1231 -1 COH bending at C6 
1204 1199 -5 
C-O-C symmetric stretching, OH plane 
deformation 
1152 1156 4 C-O-C asymmetrical stretching 
1046 1043 -3 C-C, C-OH, C-H ring and side group vibrations 
1020 1018 -2 C-C, C-OH, C-H ring and side group vibrations 
994 996 2 C-C, C-OH, C-H ring and side group vibrations 
895 894 -1 COC,CCO and CCH deformation and stretching 
662 663 1 C-OH out-of-plane bending 
Table 1. Bonds wavenumber related to regions without and with dislocations 
 
It can be seen that the wave-numbers of peak position of dislocations are higher than those of hemp 
fibre without dislocation. This indicates that the degree of hydrogen bonding in dislocation regions is 
lesser than that in without dislocation regions. Furthermore, the absorbance of these bands in the 
dislocation regions is much lower than that in the regions without dislocations: for dislocation regions 
being about 79.3% for band 1, 64.4% for band 2, 64.9% for band 3 and 75.7% for band 4 those without 
dislocations respectively. These mean that the number of hydrogen bonds in dislocations is lower than 
without dislocation regions according to Beer–Lambert law.  
 
3. Structure of natural fibres determined by using FTIR   
 
The structure of cellulose has a remarkable and complex influence on the course of chemical reactions of 
the polymer (cellulosic materials). Generally, the structure of cellulose consists of three structural levels: 
namely (i) the molecular level of the single macromolecule; (ii) the supramolecular level of packing and 
mutual ordering of the macromolecules; (iii) the morphological level concerning the architecture of 
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already rather complex structural entities, as well as the corresponding pore system [33]. This section 
only focuses on the molecular level and supramolecular level, and the morphological level will be 
discussed in the final section of this chapter.  
 
Molecular orientation is one of the most important parameters, affecting the physical properties of 
macromolecular systems. It is often introduced in natural macromolecules by the mechanical 
deformation incurred during their processing. By using FTIR equipped with a microscopic accessory, 
Kataoka and Kondo [34] determined the molecular orientation of cellulose during the formation of 
wood cell wall by virtue of the C-O-C stretching mode parallel to molecular chains [23] (Figure 5). It was 
found that the molecular orientation of cellulose in the primary cell wall coincided with the direction of 
enlarging cellular growth. It is therefore that the cellulose in the (nascent) primary cell wall might be 
oriented during crystallization and subsequent formation of microfibrils due to the drawing 
stress/effect exerted during cellular enlargement. This force, distributed along molecular chains, can 
cause β-glucose chains in the nascent cellulose to crystallize in the Iα phase with a higher crystallinity, 
making the molecules orientated in the enlarging direction.  
 
 
Fig. 5. Changes in FTIR spectra with a rotation of IR polarizer to the tracheid cell axis due to the C-O-C 
stretching mode: the primary (P) and the mature (P + S1 + S2 + S3) [34] 
 
In order to better understand wood and wood fibres for their potential utilization in advanced materials, 
some researchers have employed FTIR in conjunction with mechanical loading to study the molecular 
responses to the stress/load, such as for spruce wood and cellulose paper materials [35] (Figure 6), 
illustrating the shift of the absorption peak at 1,160 cm-1, C–O–C vibration when the materials 
successively loaded from 0 up to 24 MPa at 0% RH. The decrease of the shift of absorption peak as the 
stress increased can be observed (6 wavenumbers in Figure 6). This decrease in wavenumber signifies 
an increase in the length of the covalent bonds involved in the vibration absorption, i.e. a decrease in the 
force constant of the bond. This demonstrates that FTIR-spectroscopy may be used to monitor molecular 
straining of cellulosic material under load and the molecular deformation is linearly related to the 
macroscopic load of the material. Using FTIR technologies, it was found that spectral deformations 
occurred in cellulose related groups, but no molecular deformation detected for the lignin or 
hemicelluloses of wood constituents. The molecular straining of the cellulose molecule resulted in 
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greater macroscopic force under moist conditions compared to dry conditions, but an equal 
macroscopic strain under both conditions. This may be interpreted that moisture accessible regions are 
arranged tending in parallel with the cellulose load bearing entities, suggesting that the cellulose 
disordered regions may not exist as large regions across the cellulose aggregate structure, rather that are 
spread out. In addition, the moisture absorbing area of the cellulose structure is probably related to the 
surface areas of the cellulose.  
 
 
Fig. 6. Absorption spectra of the C–O–C vibration peak with increasing stress levels [35] 
 
          (a)                          (b) 
 
Fig. 7. The bridge C–O–C (a) and OH (b) stretching band for the NOC film before deuteration [for (b) (A, 
B)=before, (C, D)=after, (//)=electric vector parallel to and ()=perpendicular to the stretching 
direction] 
 
Polarized FTIR accompanied with a vapor-phase deuteration has been used to characterize orientation 
of the main chains and hence to study the molecular orientation of Nematic Ordered Cellulose (NOC) 
[36]. A ratio (R) of the absorbance of the band due to the particular molecular moiety for radiation 
polarized perpendicular to parallel to the stretching direction was introduced to evaluate the orientation 
behaviour of the main chains and OH groups. Computation of the FTIR spectra (e.g. Figure 7) shows 
that R values for the main chain are 0.32, and OH group 0.81 for Intramolecular and 0.91 for 
intermolecular H.B. 
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It is apparent that: (1) the R value for the β-glucan main chains of cellulose molecules is not necessarily 
in agreement with that for the side chains of OH groups; (2) the uniaxial drawing process to prepare the 
NOC film gave rise to the oriented main chains toward the stretching direction; (3) the nonoriented OH 
groups in the noncrystalline regions which occupy more than 80% of the drawn film samples could be 
the key for discouragement of the crystallization. 
 
Supramolecular level investigated with FTIR is mainly focus on the crystal structure, which includes: 1) 
hydrogen bonding, 2) crystallinity measurement and 3) cellulose Iα and Iβ determination. Kondo, 
Togawa and Brown [37] proposed a concept to describe how various states of molecular association can 
be categorized in cellulose. Figure 8 demonstrates the schematic representation of their concept. 
 
 
Fig. 8. Concept of glucan chain association for cellulose  
 
According to two-phase model theory [38], there exist two regions in cellulose chain, namely 
amorphous and crystalline regions. Crystalline region in cellulose is an idealistic assembly of cellulose 
molecules in the biological system. There exist four different crystalline forms in cellulose. Researchers 
have developed various techniques to characterize the crystalline structure of cellulose, e.g. XRD, FTIR, 
Raman spectroscopy, and 13C CP/MAS NMR. Among them FTIR is a more advanced tool for 
investigating the structure of cellulose. As mentioned above, since 1950s, some important work had 
been carried out by researchers and there are a number of literatures reporting on the IR/FTIR data of 
natural fibres [39].  
 
The hydrogen bonds in cellulose mainly distribute in crystal domains and amorphous domains. It is 
possible to establish relation between the OH-bands and the cellulose structure. In 1913, Nishikawa and 
Ono [40] firstly revealed the crystalline nature of cellulose with X-ray diffraction. Cellulose has four 
polymorphic crystalline structures from cellulose I to cellulose IV. However, cellulose I and cellulose II 
have been most extensively studied. The other crystalline structures are still in question and yet to be 
studied further. According to Gardner-Blackwell model [41], hydrogen bonds for cellulose I include two 
intramolecular bonding, namely, O(2)H---O(6) bonding and O(3)H---O(5) bonding and one 
intermolecular bonding, O(6)H---O(3) (Figure 9a). Based on the Kolpak-Blackwell model [42], hydrogen 
bonds in cellulose II contains three intramolecular bonds: O(2)H---O(6) bonding, O(3)H---O(5) bonding 
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and O(2)H---O(2) bonding, and two intermolecular bonding: O(6)H---O(2) and O(6)H---O(3) (Figure 9b). 
The IR assignments for OH regions in cellulose I and II are summarized in Table 2. 
 
                 (a)                           (b) 
 
Fig. 9. Hydrogen-bonding network: (a) parallel to the bc plane  (cellulose I ); (b) in the centre chains 
(Cellulose II) 
 
Peak wavenumber 
(cellulose I) (cm−1) 
Peak wavenumber 
(cellulose II) (cm−1) 
Bonds 
 3175 OH stretching 
3230-3310  O(6)H---O(3) 
 3308 OH Inter H-bond 
 3309 OH Inter H-bond 
 3315 OH Intra H-bond 
3340-3375  O(3)H---O(5) 
 3374 OH Intra H-bond 
3405-3460  O(2)H---O(6) 
 3486 OH Intra H-bond 
Table 2. Correlation of bonds and celluloses (structure) [43], [44] 
 
Hatakeyama and his coworkers firstly studied the hydrogen bond in the amorphous regions of cellulose. 
These studies focus on investigating the effect of temperature on the formation of interchain hydrogen 
bonds [45], and the effect of hydrogen bonds on the temperature dependence of the dynamic modulus 
and the mechanical loss tangent [46]. In 1996, Kondo and Sawatari systematic examined in detail the 
formation of hydrogen bonds in amorphous cellulose. The substituted amorphous cellulose derivatives, 
6-O-, 2,3-di-O-, and tri-O-substituted methylcellulose, were used to model the components of 
amorphous cellulose. An artificial spectrum for amorphous cellulose was then quantitatively 
constructed mathematically by using compound i.r. spectra in order to investigate hydrogen bond 
formation in cellulose. The typical absorption wavenumber for the real and artificial spectra were 
summarized in Table 3. 
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Peak wavenumber 
(real) (cm−1) 
Peak wavenumber 
(artificial) (cm−1) 
Absorbance Bond stretching 
669 671 W OH out-of-phase bending 
899 892 M Nonsymmetric out-phase ring 
1040 1040 S C-O 
1070 1075 S Skeletal vibrations C-O 
1108 1108 S Nonsymmetric in-phase ring 
1159 1154 S Nonsymmtric bridge C-O-C 
1374 1375 M CH bending 
1420 1425 W CH2 symmetric bending 
2892 2903 M CH 
3420 3457 S OH 
Table 3. Absorption wavenumber between the real and synthesized IR spectra of amorphous cellulose 
[43, 47] 
 
The traditional two-phase cellulose model describes cellulose chains as containing both crystalline 
(ordered) and amorphous (less ordered) regions. A parameter termed the crystallinity index (CI) has 
been used to describe the relative amount of crystalline material in cellulose. The CI of celluloses have 
been measured using several different techniques including XRD, solid-state 13C NMR, infrared (IR) 
spectroscopy and Raman spectroscopy. The determination of CI using FTIR spectroscopy is the simplest 
method. It should be noted that this method gives only relative values, because the spectrum always 
contains contributions from both crystalline and amorphous regions. In 1958, O'Connor [49] proposed 
Lateral Order Index (LOI, A1420/A893) to calculate the CI for cellulose. Later, Nelson and O’Connor [49, 
50] introduced Total Crystallinity Index (TCI, A1375/A2900) to evaluate the CI of cellulose. The absorbance 
ratio A1420/A893 was defined as an empirical CI. The absorbance at 1420 and 894 cm-1 are sensitive to the 
amount of crystalline versus amorphous structure in the cellulose, that is, broadening of these bands 
reflects more disordered structure. As for TCI, various reports seem do not show a coherent result [51, 
52].  
 
4. Chemical composition of natural fibres by using FTIR    
 
Compositional variation and physical organization at the microscopic level determine the ability to 
perform a desired function for most materials. Lignocellulosic fibres from different lignocellulosic 
materials appear quite different, but the chemical composition is fairly similar although with different 
magnitudes of constituents. The major compositions of lignocellulosic fibres are cellulose, hemicellulose 
and lignin (see Figure 10), while the minor constituents include minerals, pectin, waxes and 
water-soluble components. The application of infrared spectroscopy in lignocellulosic fibres has a long 
history: The infrared spectroscopy was used to investigate the hydroxyl groups of cellulose in the 1930’s 
[53] and significant efforts were made in the 1950’s to assign the different absorption maxima in the IR 
spectrum of cellulose [54-59]; The absorption maxima in the IR spectra of lignin were investigated from 
1940’s [60, 61] through 1950’s [62-64]; The characteristic absorption maxima of hemicellulose were 
studied during the 50’s [65, 66].  
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Fig. 10. IR spectra of cellulose, hemicellulose and lignin of natural fibres [60] 
 
FTIR has been commonly used to characterize natural fibres with various treatments, e.g. grafting [67, 
68], coupling [69-71], mercerization [72-74]. With the aid of FTIR, researchers are able to obtain much 
more in-depth information of natural fibres after various modifications. FTIR is also an efficacy 
technique for the surface and interface characterizations of lignocellulosic fibres [75]. This allows further 
interpretation of the nature of adhesion between lignocellulosic with other substances. For example, 
Felix and Gatenholm [76] modified the lignocellulosic fibres with polypropylene–maleic anhydride 
copolymer. The spectrum of untreated fibres from the spectrum of treated fibres showed two peaks: one 
located at 1739 cm-1 and one at 1746 cm-1, and the FTIR analysis indicated that the reaction between 
fibres and copolymer can be divided into two main steps: the copolymer is firstly converted into the 
more reactive anhydride form and then esterification takes place on the surface of cellulose fibres.   
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Fig. 11. FTIR spectra of hemp fibres from 1370 cm-1 to 1330 cm-1(a) and from 1330 cm-1 to 1215 cm-1 (b) 
with and without dislocation [32].  
 
FTIR has recently been found most promising to examine the change of the chemical compositions of 
natural fibres (hemp fibres) due to inherent defects. An example of the results is given in Figure 11. A 
scrutiny of the IR spectra from 1370cm−1 to 1330cm−1 shows that the band at 1368cm−1 and 1363cm−1 
almost disappears in dislocation regions (Figure 11a). These two bands, assigned as the in-plane CH 
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bending, may be from hemicelluloses or cellulose, the near disappearance of these may be due to the 
removal of the hemicelluloses in dislocation regions. Hemicelluloses can form a linkage between 
cellulose and lignin, and lignin-carbohydrate complex with lignin by ether bonds [77]. The removal of 
hemicelluloses in dislocation regions may cause the decrease of transfer of shear stress under tensile 
loading and loss of lignin as well. 
 
The S ring (CH2 rocking at C6 in cellulose) and G ring stretching (C–C plus C–O plus C O stretch and 
COH bending at C6 in cellulose) could normally be observed in bands at 1325, 1314, 1259, 1245 and 
1232cm−1 respectively for the hemp fibres without dislocation. Due to the overlapping of bands, only 
two peaks can be seen in Figure 11b. Lignin is composed of three basic units, namely p-hydroxyphenyl 
(H), guaiacyl (G) and syringyl (S) [78]. Guaiacyl (G) and syringyl (S) are the main units of lignin, but the 
ratio of S/G varies from one to another plant. It was reported recently by del Río et al. [79] that S/G 
values calculated upon FTIR were in agreement with those calculated upon Py-GC/MS at the bands of 
1271cm−1 and 1327cm−1 respectively. However, the study on hemp fibre showed that the bands at 
1271cm−1 and 1327cm−1, assigned as G-ring stretching and S ring stretching respectively, were shifted to 
lower wavenumbers: for the hemp fibres without dislocations (Figure 12a), the G ring and S ring 
stretching appear at the bands of 1259cm−1 and 1325cm−1 and for the dislocation regions at 1261cm−1 and 
1325cm−1 (Figure 12b). 
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Fig. 12. Deconvolved FTIR spectra without dislocation (a) and dislocation regions (b). (Solid 
curves=calculated data; dotted curves=experimental data) [32]. 
 
The different molar contents of G-lignin and S-lignin of the hemp with and without dislocations gave 
rise to the ratio of S/G 0.9 for the former and 1.1 for the latter fibres. The lignin network in the parts 
without dislocations would be more rigid than that in dislocation regions. The lower absorbance in 
dislocations means that the lignin was removed from dislocation regions, and such the cellulose content 
in dislocations would be higher than that without dislocations.  
 
FTIR can further be used to investigate the interfacial properties of natural fibre composites [80]. For 
example, Figures 13a and b exhibits the spectra for different types of composites containing 40% aspen 
fibres. The highest absorbance value corresponds to the untreated composites and the lowest value to 
that of composites modified with maleated polypropylene. The FTIR examination on the interface of 
wood fibre-reinforced polypropylene composites has also confirmed the efficacy of the technique [81]. 
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The spectra are able to illustrate that the coupling agent was located around the wood fibres rather than 
randomly distributed in the polypropylene matrix, and the compatabilizer was attached to the wood 
fibres either by ester or hydrogen bonds. 
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Fig. 13. FTIR spectra of various types of composites  
 
 
Fig. 14. Schematic of a typical FTIR imaging spectrometer [82] 
 
5. Morphologies of natural fibres by using FTIR    
 
FTIR spectroscopic imaging is the complete synthesis of FTIR spectroscopy with sample visualization 
and greatly extends the capabilities of conventional FTIR spectroscopy. Figure 14 illustrates a general 
configuration of an FTIR imaging micro- spectrometer. Spectral data can be represented as a picture, 
showing chemical information simultaneously from thousands of pixels. The main advantages of FTIR 
imaging are noninvasiveness, fast data collection and the ability to create visually appealing display. 
FTIR imaging not only provides new scientific capabilities, but it is also a compact and informative way 
to present results. It can collect more than 10,000 spectra in a few minutes. FTIR imaging has been 
shown to be a remarkable tool for biological and materials analysis. It can be used extensively to 
investigate the chemical composition of stem [83-85] and cell wall structure [86] of natural fibres, and 
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natural fibre composites [87]. 
 
FTIR imaging in conjunction with pyrolysis molecular beam mass spectrometry (py- MBMS) can work 
as a rapid analysis tool to evaluate difference in the chemical composition, for example, from the bark to 
the pith of wood stern (Figure 15) [85], and the data can statistically be processed to establish the 
correlation of the change in chemical features and the distance across the xylem (Figure 16).  
 
 
Fig. 15. (a) Visible image of the bark, cambium, and xylem of the control aspen stem. The area in the box 
was selected for FT-IR spectral analysis. (b) Spectral image of a portion of the outer bark [o], inner bark 
[I], cambium [c], xylem [x] showing the relative concentration of phenolic in these anatomical features 
[85]. 
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Fig. 16. PLS model predicting the distance from the bark to pith based on changes in the chemical 
composition. (Filled circles=calibration and open circles =test set) [85].  
 
FTIR spectroscopy imaging has also been used to examine the orientation of the main wood 
compositions in transverse and longitudinal directions of wood fibres. For example, the examination by 
using FTIR on spruce fibres (Figures 17 and 18) [86] is able to illustrate that 1) glucomannan and xylan 
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show a predominant orientation in the S2 layer of cell wall, 2) hemicelluloses are arranged in parallel 
with the cellulose microfibrils and accordingly more or less in parallel with the longitudinal axis (the S2 
layer of the cell wall) of fibres, 3) only a little degree of orientation can be observed for lignin and 4) the 
variation in the molecular orientation along the fibres seems to be uniform in the pore-free regions. 
These results gave rise to a conclusion that all of three main components within fibres may have a clear 
anisotropic behaviour under mechanical stress, that is, their properties will  be different in the 
longitudinal direction (along the fibre axis) and the transverse direction.  
 
FTIR can be used to examine the structure of natural fibre based composites, such as, examining the 
surface distribution of polyacrylamide (PAM) or the in-plane distribution of cellulose within a paper 
sheet [87].  
 
 
 
 
Fig. 17. Total IR absorbance full-spectral images of the two W fibres (W1 and W2) and the two H fibres 
(H1 and H2), showing the 25 pixel positions for each fibre used for evaluating the average orientation 
spectra as well as the three pixel positions for each fibre selected for evaluating the orientation of the 
different wood polymers in the fibres [86]. 
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Fig. 18. Average orientation spectra of the two W fibres (W1 and W2) and the two H fibres (H1 and H2): 
cellulose 1160 cm-1, 1316 cm-1, 1370 cm-1 and 1424 cm-1, glucomannan 810 cm-1, xylan 1734 cm-1, 1460 
cm-1 and 1240 cm-1 and lignin 1508 cm-1 [86]. 
 
6. Conclusions  
 
FTIR offers scientists an excellent range of solutions for understanding natural fibres and their related 
modification technologies and products, such as chemical compositions, microstructures, fibre 
architectures, characterisation of interface, and properties of both natural fibres and related composites. 
 
FTIR is a powerful technique to examine the formation of inter- and intra- molecular hydrogen bonds in 
cellulose. The detailed database allows the establishment of strong correlation between the nature of 
hydrogen bonds and physical (e.g. solubility, hydroxyl reactivity, crystallinity) and mechanical 
properties of cellulose. The capability of accurate examination of hydrogen bonds has lead to an ever 
increasing uses of FTIR for investigating the defects (e.g. dislocation of hemp fibre) or deterioration (e.g. 
perturbation) of natural fibres and change of materials after modification.  
 
The structure of cellulose has a profound influence on the course of chemical reactions of cellulose 
materials and the resulted properties. The molecular orientation and crystallization and formation of 
microfibrils not only vary from one plant to another, but could also change due to various 
environmental or other physical effects. FTIR is able to examine the nature of molecular chains, 
crystallinity and their correlations with various bonds. 
 
In commons with other materials, the chemical composition at microscopic level determines the ability 
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to perform various functions for the usefulness of natural fibres. FTIR has been mostly successful in 
accurate analysis of both major (cellulose, hemicellulose and lignin) and minor (mineral, pectin, waxes) 
constituents of natural fibres. Change in chemical compositions, interface and hence properties of 
natural fibres and composites could also be effectively identified by using FTIR. FTIR is the most 
interesting and versatile of all analytical techniques and are well placed to become the technology of the 
century.   
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